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Foreward

Indudtries are attempting to develop and modify ther existing operations to manufacture products with
environmentally-safe technologies. Wastes generated by these industries are often unsightly and can
threaten public hedth aswell as degrade the environment, especidly if they are left untreated or are
improperly treated. Mine wastes are particularly suspect because of the presence of Amohile toxic
condtituents) such as, for examples, cyanide that remains in tailings ponds and heap leach pads or acid
mine drainage that contains heavy metds leached from sulfide minerals in exposed ore bodies.

The U.S. Environmenta Protection Agency (U.S. EPA) is charged by Congress with protecting the
natiorys land, air, and water resources. Under mandate of nationa environmenta laws, the U.S. EPA
grives to formulate and implement actions leading to a balance between human activities and natures
ability to support and nuture life. Such laws direct the U.S. EPA to define environmenta problems and
thereby perform research, measure impacts, and find solutions. In thisregard, the U.S. EPA=s Nationa
Risk Management Research Laboratory (NRMRL) is responsible for planning, implementing, and
managing research, development and demonstration programs to provide an authoritative and defensible
engineering basis in support of the U.S. EPA-s palicies, programs and regul ations with respect to
drinking water, wastewater, pesticides, toxic substances, solid and hazardous wastes, and Superfund-
related activities.

Similar respongbilities have aso been assigned to the U.S. Deparment of Energy (U.S. DOE) through
the Pittsburg Energy Technology Center (PETC), one of several U.S. DOE centersin charge of
planning, implementing, and managing research and development programs. In June 1991, an
Interagency Agreement was signed between U.S. EPA and U.S. DOE , IAG No. DW89935117-01-
0, which made funds available to support the Western Environmenta Technology Office (WETO) and
their operating contractor, MSE Technology Applications, Inc. (MSE-TA), aswell as Montana Tech of
The University of Montana (Montana Tech) for the development of the Mine Waste Technology
Program (MWTP).

The MWTP serves as a telecommunication and technology transfer center for the training and education
of students (kindergarten through college) and professonds (K-12 teachers through mining
representatives), a communication link that isvita to the generd public=s undertsanding of the issues
surrounding mine wastes and mining-related activities. Also, the MWTP funds projects for researchers
to develop, demongtrate and/or implement technologies that solve environmenta problems related to
mine wastes and mining-related activities. Written reports of the projects are used to inform the user
and professond communities and smultaneoudy complement the technology transfer facet of the
MWTP. In thisregard, workplans, qudity assurance project plans (QAPP), and fina reports on quaity
assurance/qudity control (QA/QC) data are standard communications of the MWTP. The ensuing
manuscript isafind report for presenting the QA/QC data that was obtained for MWTP Activity IV,
Project 3A, APhotoassisted Electron Transfer Reactions of Application to Mine Wastewater Cleanup:
Metd- Complexed Cyanides.i Project objectives were to identify and evaluate appropriate
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technologies for usng ultraviolet radiation to remediate waters containing metal- complexed cyanide via
photooxidation and then to recommend whether follow-up research was needed or not.



Executive Summary

Thisfina report presents QA/QC data obtained for MWTP Activity IV, Project 3A, APhotoassisted
Electron Transfer Reactions of Application to Mine Wastewater Cleanup: Metal- Complexed
Cyanides.| Severa photoassisted eectron transfer reactions were explored for the cleanup of this
mobile toxic condituent commonly found in mine wastewaters. Each of these reactions involved
electron transfer with a solid photocatalyst and a dissolved photosenstizer, which, in this study, were
limited to anatase (titanium dioxide, TiO,) and hydrogen peroxide (H,O5), respectively. These same
reagents were successfully used and demonstrated by Y oung (1996) for free cyanide (CN') in MWTP
Activity IV, Project 3 (Ref. 1).

Because metal- complexed cyanides contain cyanide which isin areduced sate, only photooxidation
experiments were conducted in an effort to oxidize the cyanide to less or non-hazardous substances,
nitrite and nitrate. However, the strength of the metal-cyanide bond is dependent on the type of metd;
weak-acid disociables (WADs) refers to metas which disociate under moderate acid conditions
(approximately pH 3.5 to 7) and strong-acid disociables (SADs) refersto metaswhich disociate, if at
al, a lower pH vdues. Inthisregard, a suite of metas were examined and are listed in increasing order
of metal-cyanide bond strength: Zn(CN),*, Fe(CN)s*, Fe(CN)s*, Au(CN),, and Co(CN)s*. The Zn
-complex represents one of the weakest WA Ds and the Co-complex represents one of the strongest
SADs. Reaction efficiencies were determined and compared for al experiments. Experiments were
conducted in the absence and presence of UV-radiation.

Results show that photo-oxidation of meta- complexed cyanides works but, under the conditions
examined, its efficiency is dependent on the photolytic process as well asthe meta type. Results
indicated that hydrogen peroxide will oxidize dl the complexes in the abbsence of UV (i.e,, Degussa
Process). However, when the UV source was on, al were observed to be remediated even further.
As expected, anatase showed no response in the absence of UV but worked well in its presence.
Under the conditions examined, hydrogen peroxide worked better. The lack of 100% remediation a dl
timesis bdieved to be the result of not dlowing enough time and/or not having enough reagent for the
reaction to occur completely. For UV-irradiated anatase, other reasons could involve surface
passivation due to the formation of precipitates aswell as alack of adsorption due to surface bonding
(an attractive force) being weaker than coulombic interactions (a repdling force under the experimenta
pH conditions that were used). Because of the different results between hydrogen peroxide and
anatase, a new mechanism was proposed in which UV-irradiated anatase forms holes (h") to react with
the metd- complexed cyanides. Although these technologies are effective, they are rdatively dow (at
least under the conditions examined). Consequently, future studies are recommended to enhance the
reaction rates via numerous methods. Lastly, due to difficulties in measuring the concentrations of some
meta- complexed cyanides, it is recommended that a different technique be adopted and used. In this
regard, astrategy is beieved to have been developed for this.
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1. INTRODUCTION

Thisfina report was prepared from technica information and validated Quality Assurance/Quality
Control (QA/QC) results obtained by ACZ Laboratories, Inc. in Steamboat Springs, Colorado, from
samples treated experimentaly at Montana Tech of The University of Montana (Montana Tech) in
Butte, Montana, for the Mine Waste Technology Program (MWTP), Activity IV, Project 3 -
APhotoassisted Electron Transfer Reactions of Application to Mine Wastewater Cleanup: Metd-
Complexed Cyanides.i All enclosed materids are follow-up to the gpproved MWTP Activity IV,
Project 3A, Work Plan and Quaity Assurance Project Plan (QAPP) dated June 1995 and October
1996, respectively (Ref. 2-3). The information and results are described in accordance with the
requirements of the Interagency Agreement (IAG) Activity 1V Scope of Work which was sgned in June
1991 by the U.S. Environmenta Protection Agency (U.S. EPA) and the U.S. Department of Energy
(U.S. DOE) to initiate work on the MWTP. Furthermore, this MWTRP find report addresses the testing
and evauaion of apromising photolytic technologies for the remediation of mobile toxic condituentsin
mine wastewaters identified in MWTP Activity | Prioritization Reports (Ref. 4-8), metd- complexed
cyanide.

1.1 ReevancetoMWTP

Discharge waters from various municipa and industrid operations trangport many dissolved chemicas
that have adverse effects on the environment of both plant and animd life. For example, dissolved
chemicas may leach various heavy metds which would otherwise remain immobile. Aquatic life of dl
sorts become sick or die due to the toxicity of both the dissolved chemicas and metds. Many
wastewater processing technologiesthat are currently available or being developed emphasize the
remova of the dissolved chemicals and the heavy metals as cations. The anions associated with meta
cations can be equally as toxic but are largely ignored. In this regard, cyanide (CN') and some of its
metal complexes have been recognized as being toxic. Their remediation has been considered
paramount a severa locations in Montana and throughout the United States (Ref. 4-8).

Impetus for this study emanated from the previous and successful sudy on free cyanide (Ref. 1) and
from technica concerns regarding the effectiveness of non- photolytic cyanide-kill processes that have
been raised due to the lack of information on the fate of cyanide species and their reaction kinetics and
products (Ref. 5,9). Further impetus comes from concerns of citizens near Sites contaminated with
cyanide such as Chicago Mining Company's heap |each operation, Pony, Montana, where residents
detected cyanide in their well waters. Similar problems have been noted for other stesin Montana and
throughout the United States (Ref. 4-8). In summary, photolytic technologies have been examined and
are discussed in thisfind report for remediaing metd- complexed cyanide.

Cyanide can be found in solutions as free cyanide, as weak complexes with metals such as cadmium,
zinc and copper, and as strong complexes with other metals including iron, cobdt, mercury, siver,
platinum, paladium and gold (Ref. 10). If cyanide is dlowed to enter naturd waters, it may be ingested
by animals and subsequently absorbed by their gastrointestind and respiratory tracts. The mean lethal
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dose to the human adult is 50 to 200 mg (Ref. 9). Huiatt et d. (Ref. 9), Wheatington (Ref. 11), and
Young et d. (Ref. 12,13) investigated numerous cyanide treetment technologies using information from
literature, industrid, and government sources and noted that oxidation technologies were the only
methods which destroyed meta- complexed cyanides. The other technologies, amix of physica,
adsorption and complexation methods, produced a concentrated waste which required further
trestment. Oxidation methods included biologica destruction, chemica addition, and photolysis.
Biologicd destruction is only used indudtridly at the Homestake Mine in Lead, South Dakota (Ref.
14,15) but research isongoing at other sites (Ref. 16-21). Numerous Sites throughout the world use
oxidizing chemicas such as hydrogen peroxide, H,O, (Ref. 22-25); Caro's acid, H,SOs (Ref. 26-28);
sulfur dioxide SO, (Ref. 29-32); and hypochlorite, OCI™ (Ref. 33-36) to destroy the complexes.
Because these oxidative methods were criticized for being unable to treat strong metal complexes,
Whegthington (Ref. 11) and Young et d. (Ref. 12,13) concluded that photolysis could be the most
promising method for complete cyanide destruction with the most popular being UV-assisted hydrogen
peroxide (Ref. 37-40) or titanium dioxide (Ref. 38-54).

1.2  Research Objectives

From the above discussions, it is clear that meta- complexed cyanide can be remediated by photolysis.
Consequently, one am of this project was to examine the effectiveness of photoassisted remediation of
this mobile toxic condtituent. Because nitrogen in cyanide isin areduced State of -111, its remediation
can only be accomplished by oxidation. Although cyanide and metd- complexed cyanide photolytic
studies have been reported, especidly with solid (i.e., heterogeneous) photocatalysts (Ref. 38-54),
there gppears to be very little published work with dissolved (i.e., homogeneous) photosenstizers (Ref.
37-39). After identifying the appropriate photolytic technology(ies) which could be used for
remediation, a second god of the project was to eva uate the most gppropriate technology(ies) by
determining reaction efficiencies. Ultimatdly, it was hoped that the gppropriate technology(ies) would be
developed for transfer to the Stes where metal- complexed cyanide contamination is known to occur.
Asafina objective, the appropriate technology(ies) would be recommended for further study(ies).



2. PHOTOCHEMISTRY

21  Technology Background

Remediation research of polluted waters originaing from active or inactive mine Stes and associated
materias handling procedures has primarily focused on bringing to the affected areas foreign substances
and processes which could ultimately disturb a naturally established ecosystem. Remediation methods
by, for example, lime addition are inherently expensive and make the sites difficult to revegetate.
Overwheming evidence shows that natural processes occur that heal environmenta scars caused by
mining activities. These processes include dectron transfer reactions which lower the concentrations of
"mobile toxic condtituents' in surface and ground weters viainteractions with € ectromagnetic radiation
from the sun, ultraviolet (UV) radiation in particular. However, these naturaly photoassisted processes
suffer a night, on cloudy days, and in winter months. During these periods, artificid UV sources are
needed to sustain the processes. Furthermore, becauise the processes may till proceed too dowly,
photocataysts or photosensitizers can be supplemented to absorb and transfer the UV radiant energy to
the reactants thereby remediating the water within more acceptable time frames. Photocataysts are
predominantly solid semiconductors and photosensitizers are usudly dissolved in solution.

In photolysis, solutions (or other sample types) are irradiated with eectromagnetic radiation, usualy
UV, to promote eectron transfer reactions between toxins (i.e., metal- complexed cyanide) and other
available species. The toxins either undergo photoreduction or photooxidation to yield lesstoxic or
non-toxic compounds depending on the reduction/oxidation (redox) chemistry of the sysem. Photolysis
can be accomplished with direct or indirect techniques. Direct photolys's requires the substance being
remediated to absorb the radiation. Indirect processes can be induced by having a second materia
absorb the radiation and then transfer the photo-energy to the substance being remediated. In this
regard, solid semiconductors can be used such that they participate only as catdysts (heterogeneous
photocatalysis). On the other hand, dissolved photosengtizers can ether be consumed during the
reaction (homogeneous photolyss) or participate as catdysts (homogeneous photocatalyss). These
photoassisted processes are discussed below but, for smplicity, only as solid photocatdysis and
dissolved photolyss.

2.1.1 Solid Photocatalysis

To date, most work has entailed studying the oxidation of toxic organic compounds using solid
semiconductors as eectron transfer photocatalysts to ultimately produce both carbon dioxide and water
(Ref. 54-66). However, current emphasis gppears to be on gpplying this successful technology to the
oxidation of inorganic compoundsin order to satisfy new and more stringent environmenta regulaions.
Numerous solid photocataysts have been reported to work well: TiO,, ZnO, WO3, CdS, SIC, Fe,O3
and certain zeolites (Ref. 54-57), to name afew. The anatase polymorph of TiO, has been preferred
because of its chegp cogt, relative abundance, and high quantum efficiency in converting photon energy
into chemica energy (Ref. 48,50).

In order for these solid semiconductors to function as eectron transfer photocataysts, their band gap
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energies must be less than the absorbed UV radiation as determined from the equation:
E=h? [1]

where h is Planck’s congstant and ?is the frequency of the UV radiation. Upon absorbance, an electron
is excited into the conduction band from the vaence band where a"hol€" is created (see Figure 2.1):

h?

semiconductor 6 (e_ h+) [2]

Because the band gap between the conduction and valence band edges lacks energy levels, the excited
electron will reside a the conduction band edge whereas the hole will reside a the vaence band edge.

-+
Consequently, the dectron-hole (e h ) pair will be rdatively stable possessing alifetime thet islong
enough for eectron transfer reactions to occur:

+ +
h +D6D [3]
e +tABA [4]

Clearly, dectron donors (D) become oxidized when the release eectrons to fill the holes (Reaction 3)
and electron acceptors (A) are reduced when the consume the excited dectrons (Reection 4).

Solid electron transfer photocatalysis can not occur unless both A and D are preadsorbed at the

+ -
semiconductor surface and the products, D and A , do not react with respective excited dectrons and

holes to reproduce the reactants. Otherwise no net reaction results. Furthermore, the Nerngt potentias
of Reactions 3 and 4 must be thermodynamically favorable. Each of these requirements can be met by

(1) using semiconductors that are amenable to the adsorption of both A and D but not A and D+, 2
choosing a semiconductor whose band gap is gppropriate for the eectron transfer reactions to occur,
(3) choosing ligands which react with the radical products to form inert species, (4) sdlecting
gopropriate pH conditions, (5) tirring/bubbling the system to remove the radica products from the
surface, (6) depositing metals (i.e., platinum) at the surface as a co-catdyst to localize the excited
electrons, and (7) promoting reactions between the radica products themsdlves. Clearly, the surface,
electro-, solution, and andytica chemidries of the solid eectron transfer photocatalytic reactions must
be well understood before they can be induced and/or enhanced.

As aready stated, solid photocatalyss has primarily been used to examine the oxidation of toxic organic
compounds (Ref. 54-66); however, the oxidation of inorganic compounds is currently receiving much
attention (Ref. 47-54). In addition, it isimportant to further note that the photoreduction of both organic
and inorganic compounds is possible (Ref. 39,40,54-57,62) but is less frequently observed presumably
because the reducing power of the excited eectron is Sgnificantly lower than the oxidizing power of the
hole and because the compounds must kinetically compete with oxygen and/or weter as the eectron
acceptor (Ref. 62).



2.1.2 Dissolved Photolysis

Photochemicd reactions in the absence of solid semiconductors have involved both organic and
inorganic compounds and have been classified as ether direct or indirect processes. In direct
photochemical processes, the compound (designated as X in subsequent equations) absorbs the
electromagnetic radiation to form an excited state which then reacts to form a variety of products (see
Figure 2.2):

X+h?6x 6 products [5]

For most organic compounds, this reaction istypica of decompostions. For certain inorganic
compounds, this reaction ether (1) yields changes in oxidation states or (2) tranfers the photo-energy to

water yidding hydroxyl radicas (OH ) which can then decompose various organic compounds or react

with other inorganic species to produce specific radicals (Ref. 38, 54-58). With indirect photochemical
processes, photosengitizers absorb the radiation

S+h?6S 6]
and then transfer the photo-energy to the compound thereby catalyzing the following reaction:

S +X B6s+X 68+products [7]

or transfer the energy to another species (usudly oxygen) to induce the following reections:

S +0,60, +s6 products+ S8
*
0O, +X 6 products [9]

where the oxygen radical may participate as either areactant or aco-catays. In some cases, the
photosengitizer (S) is consumed in the process and is therefore not considered to be a dissolved
photocatalyst.

Each of the radicas mentioned above (i.e.,, inorganic, organic, hydroxyl, specific, photosenstizer, and
oxygen) are dissolved photocataysts and can induce oxidation (electron donating) or reduction
(electron accepting) reactionsin the same manner as solid photocatalysts. However, the dissolved
photocatalysts are not dependent on adsorption and other surface area phenomenon and, by
comparison, can therefore be expected to enhance reaction rates by orders of magnitude, dependent
only on the concentration of the dissolved photocatayst. Other dissolved photocataysts include
photon-active redox couples where the oxidant would be the eectron donor and the reductant would
be the electron acceptor.



2.2  Enx-pH Diagrams

Because photolyssinvolves dectron transfer reactions, it is hdpful to examine thermodynamic
equilibrium diagrams such as B4-pH diagrams to see what possible reactions may occur between
reacting species and to see what products my be formed as the reaction occurs. In thisregard, E4-pH
diagrams were generated using STABCAL (Ref. 67,68) and shown to be very reiable in previous and
other ongoing MWTP projects (Ref. 1,69,70). STABCAL isaprogram developed for IBM-
compatible persona computers to caculate various types of thermodynamic stability diagrams. In order
to congtruct the diagrams for meta - complexed cyanides, thermodynamic data at 298K was
predominantly obtained from NBS tables using a reference library within the STABCAL program [Ref.
71].

2.2.1 Cyanide

An E;-pH diagram for cyanide a 1x10° M and 298K isillustrated in Figure 2.3. Cyanide is depicted
to be predominantly stable at pH values greater than 9.23 and at &, vaues just below the stability of
water. In thisregard water should directly oxidize cyanide to form cyanate (OCN):

CN + H,0 = OCN" + 2H" + 2¢ [10]

However, the reaction is dow because alarge activation energy must first be overcome (Ref. 9). Inthis
regard, it isimportant to note that photolysis can help overcome this energy barrier. The liberation of
hydrogen cations (H") as depicted in Reaction 10 substantiates the precaution that pH-control is
necessary to avoid toxic hydrogen cyanide gas formation and evolution. The E4-pH diagram further
predicts that continued oxidation should yield various nitrite (NO,) and carbonate (COs*) species and
eventualy produce nitrate (NOs):

OCN" + 4H,0 = NO, + COs* + 8H" + 6¢€ [11]
NO, +H,0=NOs +2H" + 2& [12]

However, Reactions 11 and 12 are aso hindered by dow reaction rates even in the presence of aerated
or oxygenated solutions (Ref. 9). Previous investigations (Ref. 73,74) congtructed E;-pH diagrams for
various meta/cyanide water systems but did not consider nitrites, nitrates, and carbonates as oxidation
products. In thisregard, this study marked only the second time that such species were considered as
reaction products for incorporation into cyanide E;-pH diagrams, the first was considered for MWTP
Activity IV Project 3 (Ref. 1).

2.2.2 Metal-Complexed Cyanides

Figures 2.4-2.7 depict Ey-pH diagrams for the metal-cyanide complexes of interest, Zn(CN),2,
Fe(CN)s*, Fe(CN)s>, Co(CN)s* and Au(CN), , at 1x10° M and 298K under metastable conditions
such that the formation of cyanate, nitrite and nitrate was not alowed. Consequently, only the metals
are shown to have achange in oxidation state. This can be expected for non-equilibrium conditionsin



which the high activation energy barrier between cyanide and water prevents their reaction (see
Reaction 10). Furthermore, as discussed above, this can also be expected of non- photolytic conditions.

These E;-pH diagrams show that Zn(CN),*, Fe(CN)s*, Fe(CN)s*, Co(CN)s* and Au(CN),” are not
thermodynamicaly stable at pH vauesbelow 7.2, 3.7, 3.2, 0.2 and <O, respectively. Inthisregard, it is
clear that the complexes are listed in gpproximate order of increasing cyanide bond strength with
Zn(CN),* being the weskest (i.e., WAD) and Au(CN),” being the strongest (i.e., SAD). Furthermore,
the stronger the complex, the larger the stability region it covers on the diagram. Surprisingly, Snce
cobalt cyanide is reported to be the most refractory of these metal-cyanide complexes, it was not found
to be the strongest thermodynamically. This may be the result of using free energy data determined from
equilibrium congtants obtained from an IUPAC CD-ROM computer library (see Appendix A and Ref.
75-82) as opposed to the NBS Tables used for the other complexes. In thisregard, it isimportant to
note that thermodyanamic data should come from one source as much as possible to avoid making
suspect comparisons which may be the case here. Nevertheless, this report marksthe first timein the
literature that thermodynamic data was determined and depicted in an E;-pH diagram for the cobalt-
cyanide system.

Figures 2.8-2.11 depict Ey-pH diagrams for the same metal-cyanide complexes at 1x10° M and 298K
but under stable conditionsin which cyanate, nitrite and nitrate are alowed to form. Consequently, both
the metas and cyanide are shown to changein oxidation state. This can be expected for equilibrium
conditionsin which the high activation energy barrier between cyanide and water is overcome perhaps
upon exposure to UV radiation. In this regard, the band gap of anatase was superimposed on the
diagram (see Figure 2.3).

Clearly, the meta-cyanide complexes are no longer found to predominate under wide-ranging B4 and
pH conditions. In fact, the stability regions are below that of water and, in the case of gold cyanide, is
non-existant. Oxidation reactions of the meta-cyanide complexes to yield cyanate are therefore
expected:

M(CN)Y™ + xH,0 = XOCN™ + 2xH* + MY* + dye [13]

Depending on the B, and pH conditions, the cyanate could continue to oxidize to nitrite and nitrate
according to reactions 11 and 12 and the meta cation could precipitate as a pure meta, hydroxide, or
oxide.

2.2.3 Anatase

Reectivities for electron-hole pairs produced at anatase (TiO,) surfaces were superimposed on the
stable E-pH diagrams presented for cyanide and meta- complexed cyanides in Figures 2.3 and 2.8
2.11, respectively. A comparison of these figuresto Figure 2.1 shows that the valence and
conductance bands are reversed; however, thisis merdly due to convention. The position of the bands
concurs with those determined at pH 1, 7, and 14 and illustrates that the bandgap for anatase is 3.2 eV



(Ref. 54-57). According to Equation 1, a photon must have a frequency of 7.75x10™ Hz in order for
its absorbance to occur.  This equates to a maximum wavelength of 387.5 nm, indicating that the 254
and 185 nm UV sources employed in this sudy was adequate for inducing solid photocatalysis (see
Section 3 - Treatability). As previoudy noted, conductance and vaence bands represent the affinity for
electrons to be consumed (by holes) and donated (as excited eectrons) and are therefore a measure of
relative reduction and oxidation potentiads, respectively. Because the predominant stability regions for
metd- complexed cyanides, cyanide, cyanate, and nitrite lie below the vaence band, they can undergo
oxidation, as depicted in Reactions 10 through 13, by releasing el ectrons to photon-produced holes.
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2-1. Schematic of UV-assisted redox reactions at the surface of solid photocataysts.
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2-2. Jablonski energy-leve diagram depiciting adirect UV —asssted chemical reaction.
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3-3. Stable carbon-nitrogen E4-pH diagram in the absence of nitrogen gas illugtrating cyanide oxidation

to cyanate, nitrite, and nitrate.
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2-4. Metastable zink-carbon-nitrogen Ey-pH diagram.
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2-7. Meatstable cobalt-carbon-nitrogen E;-pH diagram.
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2-8. Stable zink-carbon-nitrogen E;-pH diagram.
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2-9. Stableiron-carbon-nitrogen E,-pH diagram.
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2-10. Stable gold-carbon-nitrogen E4-pH diagram.
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2-11. Stable cobalt-carbon-nitrogen Ey-pH diagram.

3. TREATABILITY
Experimenta procedures were the same in this study as for the cyanide photooxidation experiments
conducted in the previous MWTP gtudy (Ref. 1). A mgor difference wasin how the meta-cyanide
complexes were detected and quantified and that an outside company, ACZ Laboratories, Inc. was
used.

3.1 General Test Procedures
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Sample solutions of 200 milliliter (ml) volume were prepared in standard 250 ml Pyrex beakers (Fisher)
usng delonized/ditilled (DI) water with a concentration of meta- complexed cyanide (Coleman and
Bdl) equivaent to 6x10° M free cyanide (see Section 6 - Field Samples). In thisregard, for example,
AU(CN), would have a concentration 3 times that of Co(CN)63' but, due to the difference in cyanide
molar equivaent, their concentrations in free cyanide would be the same. Furthermore, this
concentration is equivalent to 156 ppm CN and is approximate to the typical concentration of metal-
complexed cyanide observed in the literature for cyanide wastewaters. After inserting Teflon-coated
magnetic stirbars (VWR) in the solutions, the beakers were placed on magnetic sirrers (VWR)
operating at gpproximately 2-speed and positioned in achemica hood directly below UV sources
(UVP, Inc.) with rated intensities of 3000 FW/cn?. The UV sources emitted radiation at wavelengths
between 120 nm and 280 nm with peak intensities centered at 185 and 254 nm. Tests were conducted
in the absence and presence of a reagent grade photochemical, hydrogen peroxide, HO, (J.T. Baker)
and a solid photocatalyst, anatase, TiO, (Degussa P25). Figure 3.1 depicts the experimental set-up.

QA/QC was conducted at all times (see Ref. 3 aswdl as Section 4 - Qudity Assurance/Quadlity
Control; and Section 6 - QA/QC Activities). Reagent schedules for the 10 UV-catalyzed QA/QC
experiments are listed in Table 3.1. These experiments were found to be the most desirable after
determining that the most appropriate photolytic technologies involved dissolved photosensitizers and
solid photocatal ysts as suggested by resulting publications and presentations from this project and
Project 3 (Ref. 12,13,38,83-86). Thisincludesthe work of three undergraduate sudentsin
Metdlurgica Engineering (Ref. 85,86).

In order to prevent pH drop due to the progression of the photooxidation reactions (see Reactions 10-
13), the meta- complexed cyanide solutions were maintained a pH 11 usng NaOH (Fischer) as
determined with an Orion combination pH electrode (Modd 81-02) and pH meter (Model 920A).
Thiswas in accordance with EPA Method number 4500-H", pH Electrometric Measurement (Ref. 87).
The solutions were continuoudly sparged with oxygen gas to maximize oxidizing conditions. Metd-
complexed cyanide concentrations were measured using a cyanide distillation gpparatus (VWR).
Caudtic solution at pH 13 (0.1 M NaOH) was used to capture the digtilled hydrogen cyanide gas.
Cyanide concentrations in the caustic bath were measured with an Orion cyanide-ion sdective eectrode
(Model 94-06) coupled to an Orion reference electrode (Model 90-02 res) and the above pH Meter.
Thiswas in accordance with EPA Method number 4500-CN° C, Totd Cyanide After Didtillation, and a
modified 4500-CN" F, Cyanide Sdlective Electrode Method (Ref. 87). Aliquots were adso taken to
measure for the appearance of nitrate and nitrite usng a Dionex DX-100 ion chromatograph (Model

DX 1-03) equipped with an IONPAC7 AS4A andlytica column (PN 37041), an IONPAC7 AG4A
guard column (P/N 30742), and an ion self suppressor (P/N 43189). Thiswasin accordance with
EPA Method 300.0, The Determination of inorganic Anionsin Water by lon Chromatography (Ref.

88). All diquot samples were taken with 1-ml or 10-ml syringes (Fischer) equipped with 0.3 micron
filters (Fischer). Prior to analyss, the diquots were temporarily stored in 20-ml plastic vids (Fischer).
Aliquots for the cyanide till and the ion chromatograph were only taken after 5 hours at the conclusion
of thetest. Experiments were smultaneoudy conducted in the dark to assess the gpplicability of UV
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radiation (see Table 3.2).

3.2 Experimental Results

Meta- Complexed Cyanide photo-oxidation datais listed in Appendix B. The experiments were
conducted a Montana Tech. However, due to problems associated with the detection of metal-
complexed cyanides by didtillation (see QA/QC Activities), the resulting solutions were analyzed by
ACZ Laboratories, Inc. Inthisregard, the QA summary provided by ACZ Laboratories, Inc. is
provided in Appendix C. Theresults are duplicated in Tables 3.3 and 3.4 and additionally presented as
% Remediation:

% Remediation = ([Origindl] - [Fina])/[Origind] [14]

where [Origind] and [Find] refer to the metal- complexed cyanide concentration at the start and after 5
hours. Negative vaues were reported as 0%. It isimportant to note that the UV-irradiated samples
were done in duplicate thereby explaining why two vaues are reported for each test in Table 3.3.
Ensuing discussions will be predominantly based on the % remediation caculation; however, it is
important to note that al duplicate experiments were found to have passed QA/QC criteriausing the
equation for precison or relative percentage difference (RPD):

RPD = 100* (U-C)/[(U+C)/2] [15]

where U is assumed to be the measured (initid) concentration and C is assumed to be the actud (initid)
concentration. To be acceptable, RPD-va ues must be less than 25% of the absolute value.

It was expected that theinitid concentrations of each of the metal- complexed cyanide solutions would
be 156 ppm (see Tables 3.3 and 3.4). It isquite clear that the measurements for the Zn-, Au- and Co-
complexes were not. A re-examination of the experimenta notes showed that the wrong weights were
caculated for the Zn- and Au-complexes but not the Co-complex. Reasons for these mishaps follow.
(2) Inthe QA/QC plan (Ref. 3), Cu(CN), was going to be examined but CuCN(s) that was purchased
to make it was found difficult to dissolve. Consequently, a decision was made to examine another weak
acid dissociable (WAD), Zn(CN),* (see QA/QC Activities). Unfortunatdly, the changein
gtoichiometry from 2 to 4 aswell as the 80% purity of the Zn(CN),(s) used to make it was not taken
into account. In thisregard, an expected 156 ppm solution was actualy expected to be 62.4 ppm and
was found to measure 52 ppm. It isworth noting that that the only other chemica used in this study
which was not >99% pure was K sFe(CN)s a 95% purity. Solutions of Fe(CN)s" were therfore
expected to measure 148 ppm and found to measure 137 ppm. (2) In the case of the Au-complex, too
many experiments were previoudy conducted thereby depleting the KAU(CN)x(s) that was used.
Enough sample existed for the work in this study if its concentration was haved (see QA/QC
Activities). Consequently, a 78 ppm solution was expected and found to measure 84 ppm. (3) By
comparison, it is quite clear that problems existed for quantifying the Co-complex concentration (see
AppendicesB and C). Inthisregard it is noted that (a) ACZ Laboratories, Inc. used an AllKem
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Rapid-FHow Anayzer (RFA) intrain colorimetric technique to analyze for totd cyanide, (b) this
technicue appears to have difficulty with the refractoriness of Co(CN)s*> as discussed earlier for the Ey-
pH diagrams, and (c) as aresult, the Co(CN)s> experiments appear that they would not pass QA/QC
criteria

In order to show that Co(CN)s® experiments did not pass QA/QC criteria, precision (Equation 15) and
accuracy calculations were completed for al experiments. In this case, accuracy cdculaions refer to
the use of the equation for recovery (R):

R = 100* (U/C) [16]

where R issmilar to cdculations involving the andyss of soiked solutions. As before, U is assumed to
be the measured (initial) concentration and C is assumed to be the actud (initid) concentration. To be
acceptable, R-values must be between 75% and 125%. Table 3.6 shows that the Co(CN)s™
experiments are the only experimentsto fall these QA/QC criteria. Quite clearly, the AllKem Rapid-
Flow Anayzer (RFA) intrain colorimetric procedure utilized by ACZ Laboratories, Inc. for Co(CN)e>
detection did not pass QA/QC criteria. Further discussion regarding the Co(CN)s> results will
therefore only be donein passing in the remainder of this report.

Additiond examination of the resultsin Tables 3.3 and 3.4 shows that the meta-cyanide complexes are
amenable to destruction by H,O, but become more amenable to destruction when the HO./metd-
complexed cyanide systems are exposed to UV radiation. Fe(CN)e> remediation incresses from
12.7% to an average 32.1% when exposed to UV radiation. Likewise, AuU(CN), remediation
increased from 21.4% to 32.8% and Fe(CN)s* remediation increased from 9.5% to 24.1%. Only
Zn(CN),* remediation was observed to decrease; however, the decrease from 99.4% to 98.3% is
conddered inggnificant. These results suggest that hydrogen peroxidation (i.e., the DeGussa Process)
may or may not be adequate for cyanide remediation depending on time condraints (i.e., 5 hours was
used in this study) and on continuous additions at higher dosages (i.e., only one discrete addition of
H.O, was added and, perhaps, at too low of adosage). In any casg, itisclear that UV photolysis can
improve upon the remediation of meta- complexed cyanides by the DeGussa Process.

Examination of the results obtained with TiO, shows that homogenous photocataysis will not work
unless UV radiationisused. Interestingly, TiO, photocataysis only appeared to work for the Fe(I1)-,
Au- and Fe(l11)- complexes which concurs with previous investigations (Ref. 37,40,49,85,86).
However, the lack of Zn(CN),* remediation isin disagreement (Ref. 85,86). An examination of the
Ex-pH digrams presented earlier offers no explanation; however, it is conceivable that the Zn-complex
did not adsorb at the TiO, surface. Asdiscussed earlier, thisisrequired for the process.

In thisregard, it isimportant to note that, & pH 11 in which the experiments were conducted, TiO,

would exhibit a negeative surface charge (Ref. 89) that would repd smilarly charged moleculesif the
surface bond, which would otherwise form, is not stronger. This coulombic behaviour has been noted
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to play maor rolesin many adsorption systems. Furthermore, as discussed earlier, it has been
postulated that UV-irradiated anatase produces hydroxyl radicals which then react to destroy toxic
compounds. If thiswere the case, it would be expected that results would be independent of
adsorption as well as the source of the hydroxyl radicals (i.e., hydrogen peroxide, etc.). Consequently,
it is concluded that the mechanism for UV-irradiated anatase is a direct reaction with holes (h'). The
reaction for cyanide and meta complexed cyanides would be

CN + H,O + 2h" = OCN + 2H" [17]
M(CN)Y™ + xH,0 + 4yh* = xOCN™ + 2xH" + M¥* [18]

A comparison to Reactions 10 and 13 show that these reactions do not involve electrons. Clearly,
adsorption is il aprerequisite for remediation to occur. However, depending on the redox chemidtry,
the metd cation product could precipitate as a hydroxide, oxide or meta and thereby passvate the
anatase surface and reduce its photoreactivity.

Results of non-critica measurements of nitrite and nitrate concentrations via lon Chromatography are
shown in Appendix D. Results show that nitrite concentrations tended to be higher when hydrogen
peroxide was used without irradiation (compared to with radiation) or when hydrogen peroxide was
used with radiation (compared to irradiated anatase). Because the appearance of nitrate and nitriteisa
direct correlation to cyanide destruction, a remediation percentage can aso be caculated assuming
cyanate is not termina reaction product (see Reactions 10-12) and, therefore, that the amount of
cyanide remediaionis equivaent to the sum of the amount of nitrite and nitrate which are produced. As
can be seen, the remediation percentages are predominantly the same as those presented earlier in
Tables3.3and 3.4. Only afew remediation percentages are different and seemingly aways lower than
respective valuesin Tables 3.3 and 3.4. This can be attributed to cyanate forming as afind product.

Lastly, dueto the difficultiesin messuring Co(CN)s> concentrations as well as the reasonably good
correlation between the remediation of the other metal- complexed cyanides and the appearance of
nitrite and nitrate, it is possible that the remediation values, especialy those of Co(CN)s®, presented in
Appendix D are more accurate than those determined with the AllKem Rapid-Flow Andyzer (RFA)
intrain colorimetric procedure by ACZ Laboratories, Inc. In order to show their was agood correlation
between the direct (i.e, the results of ACZ Laboratories, Inc.) and indirect (the resultsin Appendix D)
methods of caculating remediation percentages, precision caculations were made utilizing Equation 15.
According to Tables 3.7 and 3.8, it is clear that only the Co(CN)s*> tests failed to have good
corrdation. However, one Zn(CN),* test o gave too large of a precision and can be attributed to the
average of concentrations determined directly by ACZ Laboratories, Inc.

3.3  Summary

In this study, E4-pH diagrams were congtructed for cyanide complexes of Zn, Fe, Au and Co. These
metals were sdected due to their differencesin cyanide bond strength; the stronger the bond, the less
amenable the complex is to acid volatilization (j.e. distillation). In this regard, Zn(CN),* exhibits one of
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the weskest bonds and is therefore referred to as awesk acid disociable (WAD) whereas Co(CN)e*
contains among the strongest and is referred to as a strong acid disociable (SAD). For the most part,
resulting metastable E-pH diagrams verified this acid volatilization behavior; Zn(CN),*, Fe(CN)s*,
Fe(CN)e¥, Co(CN)s* and Au(CN),” were shown to volatilize (i.e. shown to be thermodynamically
unstable) at pH values below 7.2, 3.7, 3.2, 0.2 and <0, respectively. However, when compared to
stable E-pH diagramsin which the cyanide was dlowed to oxidize to form cyanate, nitrite and nitrate,
none of the metd- complexed cyanides were found to be stable in water. Photolyssis believed to
overcome the energy barrier which makes the complexes stable in water thereby causing their
destruction. In thisregard, this study was undertaken, specificdly to examine the effect of UV-
irradiation on systems in the absence and presence of photolytic reagents such as hydrogen peroxide for
homogeneous photolysis and anatase for heterogeneous photocatalyss. It isimportant to note thet this
study denotes the first time that an E4-pH diagram has been constructed for the cobalt-cyanide-water
sysem.

After experiments were conducted, EPA-approved QA/QC procedures were used to measure the
concentrations of metal- complexed cyanides. Most measurements by this technique yielded data which
was borderline acceptable, however, Co(CN)s> proved impossible due to its refractoriness.
Subsequently, samples were prepared and delivered for analysis by an outside company, ACZ
Laboratories, Inc., who used an AllKem Rapid-Flow Andyzer (RFA) intrain colorimetric procedure to
andyzefor tota cyanide. Results showed this procedure dso had difficulty in passng QA/QC. Clearly,
an andyticd method for accurately measuring the concentrations of meta- complexed cyanide,
especialy Co(CN)e®, is needed.

It was found that the quantification of nitrite and nitrate reaction products would be adequate for
indirectly determining its remediation due to excellent correlation with the remediation of other meta-
complexed cyanides. Inthisregard, Table 3.9 is presented to show, within reason, results which likdy
would have been obtained. Table 3.9 isbasicaly acomposite of the results obtained from the direct
meta- complexed cyanide measurements from ACZ LAboratories, Inc. or theindirect nitrite and nitrate
measurements from Montana Tech. All results were rounded to the nearest five. It isimportant to note
that the nitrite and nitrate concentrations were measured with an EPA-approved proceduare with ion
chromatography but the measurements were not subjected to QA/QC protocol since they were
deemed non-critical measurements.

Hydrogen peroxide alone can be adequate for remediating metd- complexed cyanides (the DeGussa
Process) but becomes enhanced when UV-irradiated. On the other hand, anatase is only effectivein
the presence of UV radiation. Hydrogen peroxide tended to yield less nitrite when exposed to UV.
Anatase was seeming most photo-efficient asit tended to yidd the least amount of nitrite. Further
comparison of the two photolytic processes indicates that, Aunder the conditions examined,i UV-
irradiated hydrogen peroxide is the better for remediating Zn-, Fe(l1)-, Au- and Fe(l11)-complexes and
UV-irradiated anatase was found to be better for the Co-complex. Generaly, this means WADs need
only be remediated by homogeneous photolyss but SADs would require heterogeneous photocatalyss
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for their destruction. In addition, because it has been proposed that UV -irradiated anatase produces
hydroxyl radicas to destroy toxic compounds, it would be expected that results obtained by the UV-
irradiation of both anatase and hydrogen peroxide would be the same (i.e., independent of adsorption
aswdl asthe source of the hydroxyl radicas). Consequently, it is concluded that the mechanism for
UV-irradiated anatase is a direct reaction with holes (h'):

CN + H,O+2h" = OCN" + 2H*
M(CN)Y™ +xH,0 + 4yh* = xOCN™ + 2xH" + MY

Clearly, adsorption is till a prerequisite for remediation to occur by anatase; however, in order to
maximize its photoreactivity, the redox chemistry would have to be adjusted to avoid the precipitation of
the meta as ahydroxide, oxide or meta and thereby prevent surface passivetion. In this regard, further
research is necessary because only one pH condition was investigated in this sudy. Lower pH
conditions have shown increased reaction rates and therefore improved remediation efforts of free
cyanide (Ref. 1). Furthermore, in regards to heterogeneous photocatalyss, a change in pH could also
maximize adsorption onto the surface of anatase particles and smultaneoudy prevent the formation of
precipitates.

26



/ UV Source \

////l\\\\'

Gas —» -
| —  Electrode
Glass Frit—0 _ . ——Magnet

Magnetic Stirrer

3-1. Experimentd setup for meta- comlexed cyanide shoto-oxidation tests.
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Table 3.1 UV-Irradiated Metal-Complexed Cyanide Test Solutions and Reagent Schedules

Sample Sample Reagent Photolytic Reagent
No. Concentration (M) Concentration (M or g/l) Sparging Gas
1 Zn(CN)* 0.0015M | 30% H,0; 5ml 0,
2 Fe(CN)s" 0.001 M | 30% H,0, 5ml 0,
3 AU(CN); 0.003M | 30% H,O, 5mi O,
4 Fe(CN)s> 0.001 M | 30% H,0O, 5ml 0,
5 Co(CN)s* 0.001 M | 30% H,O, 5ml 0,
6 Zn(CN)? 0.0015M | TiO, 15/l 0,
7 Fe(CN)s* 0.001 M | TiO, 159l 0,
8 AU(CN), 0.003 M | TiO, 15/l 0,
9 Fe(CN)e> 0.001 M | TiO, 159/ 0,
10 Co(CN)e* 0.001 M | TiO, 159/l O,
Table 3.2 Non-Irradiated M etal-Complexed Cyanide Test Solutions and Reagent Schedules

Sample Sample Reagent Photolytic Reagent
No. Concentration (M) Concentration (M or g/l) Sparging Gas
11 Zn(CN),* 0.0015 M | 30% H,O, 5ml 0,
12 Fe(CN)s" 0.001 M | 30% H,0, 5ml 0,
13 AU(CN); 0.003M | 30% H,O, 5mi O,
14 | Fe(CN)® 0.001 M | 30% H,0O, 5ml 0,
15 | Co(CN)&* 0.001 M | 30% H,O, 5mi 0,
16 | Zn(CN)? 0.0015 M | TiO, 15g/l 0,
17 | Fe(CN)s* 0.001 M | TiO, 15/l 0,
18 AU(CN); 0.003M | TiO, 159/l 0,
19 Fe(CN)s* 0.001 M | TiO, 159/l 0,
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Table 3.3 % Remediation of UV-Irradiated M etal-Complexed Cyanide Test Solutions

Sample Metal Photolytic Initial Final %

No. Complex Reagent Conc. (ppm) Conc. (ppm) Remediation
1 Zn(CN)> H,0, 52 0.7 09 | 987 | 983
2 Fe(CN)e* H.O, 137 98 110 28.5 19.7
3 AU(CN)y H.O, 84 69 44 17.9 47.6
4 Fe(CN)e> H.O, 165 116 108 29.7 34.5
5* Co(CN)* H,0, 4.0 5.0 4.0 0 0
6 Zn(CN)> TiO, 52 52 67 0 0
7 Fe(CN)s" TiO, 137 123 141 10.2 0
8 AU(CN), TiO, 84 90 67 0 20.2
9 Fe(CN)e® TiO, 165 124 117 248 | 29.1

10* Co(CN)s” TiO, 4.0 2.4 1.7 400 | 575

* did not pass QA/QC criteria

Table 3.4 % Remediation of Non-Irradiated M etal-Complexed Cyanide Test Solutions

Sample M etal Photolytic Initial Final %
No. Complex Reagent Conc. (ppm) Conc. (ppm) Remediation
11 Zn(CN)* H.0 52 0.3 99.4
12 Fe(CN)s" H,0, 137 124 9.5
13 AU(CN), H.0, 84 66 21.4
14 Fe(CN)s* H.0 165 144 12.7
15* Co(CN)s* H,0, 4.0 1.5 62.5
16 Zn(CN),* TiO, 52 99 0
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17 Fe(CN)s" TiO, 137 129 5.8
18 AU(CN); TiO, 84 82 2.4
19 Fe(CN)s> TiO, 165 182 0

20* Co(CN)s” TiO, 4.0 1.8 55.0

Table 3.5 Quality Indicator for Duplicate Experiments

* did not pass QA/QC criteria

Sample M etal Photolytic Duplicate A Duplicate B %
No. Complex Reagent Conc. (ppm) Conc. (ppm) Precision
1 Zn(CN) H,0, 0.7 0.9 12.5
2 Fe(CN)s* H,0, 98 110 5.8
3 AU(CN), H,0, 69 44 22.1
4 Fe(CN)e* H,0, 116 108 3.6
5 Co(CN)s* H,0, 5.0 4.0 11.1
6 Zn(CN);~ TiO, 52 67 12.6
7 Fe(CN)s" TiO, 123 141 6.8
8 AU(CN), TiO, 90 67 14.6
9 Fe(CN)s” TiO, 124 117 2.9
10 Co(CN)s* TiO, 2.4 1.7 17.1
Table 3.6 Quality Indicatorsfor the Actual and Measured Initial Concentrations
Metal Actual Initial Measured Initial % %
SampleNo.:s | Complex Conc. (ppm) Conc. (ppm) Accuracy | Precision
1,6,11& 16 | Zn(CN)# 62.4 52 83.3 18.2
2,7,12& 17 | Fe(CN)s* 148 137 92.6 1.7
3,8,13& 18 | Au(CN), 78 84 108.7 74
4,9,148 19 | Fe(CN)s* 156 165 105.8 5.6
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5,10,15& 20 | Co(CN)s* 156 4.0 2.6% 190.0*
* did not pass QA/QC criteria
Table 3.7 Quality Indicator for Direct and Indirect Final Cyanide Concentration
M easur ements of UV-Irradiated Experiments
Average Initial Average Indirect
Sample | Metal Photolytic Direct Conc. | Equivalent Conc. %
No. Complex | Reagent | Conc. (ppm) | (ppm) | Conc. (ppm) | (ppm) | Precision
1 Zn(CN)& |  H.0, 0.8 62.4 61.55 0.85 6.1
2 Fe(CN)s" | H,0, 104 148 26.9 121.1 15.2
3 AUu(CN), | H,0, 56.5 78 31.2 46.8 18.8
4 Fe(CN)e | H,0, 112 156 54.85 101.15 10.2
5 |Co(CN) | H0, 45 156 6.82 149.18 188
6 Zn(CN)* TiO, 59.5 62.4 2.035 60.365 14
7 Fe(CN)s" TiO, 132 148 13.85 134.15 161
8 AU(CN); TiO, 78.5 78 11.65 66.35 16.8
9 Fe(CN)s” TiO, 120.5 156 28.8 127.2 5.4
10 Co(CN)s* TiO, 2.05 156 13.85 142.15 194

Table 3.8 Quality Indicator for Direct and Indirect Indirect Final Cyanide Concentration
M easurements of Non-Irradiated Experiments

Average Initial Average Indirect
Sample | Metal Photolytic Direct Conc. | Equivalent Conc. %
No. Complex | Reagent | Conc. (ppm) | (ppm) | Conc. (ppm) | (ppm) | Precision
11 Zn(CN)* H.O, 0.3 62.4 62.1 0.3 0
12 Fe(CN)s" H.O, 124 148 15.6 1324 6.6
13 AU(CN); H.O, 66 78 16.3 61.7 6.7
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14 | Fe(CN) |  H.0;, 144 156 35.1 120.9 17.4
15 | Co(CN)s* | H,0, 1.5 156 3.67 152.33 196
16 | Zn(CN)Z |  TiO, 99 62.4 0.62 61.78 46.3
17 | Fe(CN)s* |  TiO, 129 148 0.53 147.47 13.4
18 | Au(CN); | TiO, 82 78 0.63 77.37 5.8
19 | Fe(CN)Z |  TiO, 182 156 0.73 155.27 15.9
20 | Co(CN)® | TiO, 1.8 156 0.99 155.01 195

Table 3.9 Estimated % Remediation Assuming Accurate Concentration M easurements

M etal-Complexed % Remediation with UV % Remediation without UV
Cyanide . :
H202 TlOZ HzOz TlOZ

Zn(CN),* 100 5 100 0
Fe(CN)g* 20 10 10 0
AU(CN)y 35 15 20 0
Fe(CN)e* 35 20 15 0
Co(CN)¢* 5 10 0 0
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4. QAIQC

Maor purposes of thisMWTP project were identifying photolytic processes that could be used for the
remediation of nitrate and cyanide in wastewaters and evaluating the processes to assess their scientific
feagbility via determining reaction kinetics and products so that recommendations could be made to
continue this research effort. The programmatic and regulatory setting in which the project qudity
assurance was conducted was Category 111 as outlined in MWTP Activity IV, Project 3A QAPP (Ref.
3). Projects are designated Category 111 when results are used to evaluate and select basic options or
to perform feasibility studies or preliminary assessments of unexplored aress. Existing background data
presented in Section 2 - Photochemistry was not required to conform to any criteria. Thisinformation is
consdered common knowledge since it was predominantly the foundation to the workplan (Ref. 2).

4.1 QA/QC Objectives
The Quality Assurance/Qudity Control (QA/QC) objectives outlined for the project were specified to
generate acceptable data. The MWTP Activity 1V, Project 3A QAPP (Ref. 3) was provided to insure:
C measurements were gppropriate for achieving project objectives,
C quaity control procedures were sufficient for obtaining data of known and adequate quadity, and
C such datawould be defensible if technicaly chalenged.
Ultimately, it would be desirable to show that the selected photolytic technologies for metad- complexed
cyanide remediation yielded concentrations below the U.S. EPA Drinking Water Standards of 200 ppb
(7.7x10° M) CN (Ref. 22). However, as noted in the experimental procedures, a cyanide specific ion
electrode with a detection limit of 8x10° M was used to measure the free cyanide concentration after
digtillation, quality-assured measurements below the Drinking Water Standard could not be determined.
Nevertheless, project objectives were to identify and then eval uate appropriate photolytic processes
that remediate metal- complexed cyanide in wastewaters, not necessarily achieve the Drinking Water
Standard. Thistask would be reserved for future studies and accordingly recommended if such
concentrations were obtained.

4.2  Analyses
Meta- complexed cyanide solutions were monitored for concentration and pH as well asfor nitrate and
nitrite concentrations. Only U.S. EPA-approved methods were employed.

4.2.1 Procedures

U.S. EPA-approved methods included pH Electrometric Measurement (Method No. 4500-H"),
Determination of Inorganic Anionsin Water by lon Chromatography (Method No. 300.0) for the nitrite
and nitrate concentration measurements, and meta- complexed cyanide concentration measurements by
distillation (Method No. 4500-CN" C coupled with cyanide sdlective dectrode measurement, Method
No. 4500-CN-F-modified). Electrometric measurements for pH were conducted in the reaction vessel
every hour and CN™ concentration were conducted in the absorption column of the distillation apparatus
after 5 hours of equilibration. The pH was controlled at pH 11 for al experiments using drops from
NaOH solutions, as needed. Nitrite and nitrate concentrations were determined by injecting 1 ml
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aiquot samplesinto the ion chromatograph after having been taken at the conclusion of atest. Aliquots
may have been stored temporarily in 20 ml plagtic vids between measurements.  Equipment
manufacturers and types are specified in Section 3 - Treatability.

4.2.2 Calibrations

pH meter. Buffer solutionsat pH 7.0 and 11.0 were used in the standard two-point calibration of the
pH meter. The buffer pH values bracketed the pH 11 control that was used. The pH meter was
recaibrated after every 20 measurements and at the conclusion of every test. Percent dopes were
consgtently found to be 100%+5%. Measurements of pH were non-criticd to al tests.

lon chromatograph. Before every test, a blank and three nitrite and nitrate standards were used to
establish working curves between 0 and 250 ppm. This cdibration range bracketed al nitrate and
nitrite concentrations measured. Cdibration curves were andyzed by PeakSimple data software (SRI
Instruments) using RP-correlation coefficients. In this regard, RP-values typically measured 0.97 which
was congstently greater than the 0.90 acceptance criterium. Although never encountered, the
chromatograph was to be recdibrated if a standard, upon being checked after every 20" measurement,
was outside 75-125% linear range. Nitrite and nitrate measurements were non-critica to al tests.
Cyanide till. The U.S. EPA-gpproved Cyanide After Didtillation Method was modified only to
accomodate the till Sze and the 50-ml aiquot amounts being analyzed. Reagent dosages of sulfamic
acid, MgCl, and H,SO, were therefore proportioned. This procedure was abandoned when difficulties
anelyzing for Co(CN)e> were obtained (see QA/QC Activities) in favor of an outside company, ACZ
Laboratories, Inc. Meta- complexed cyanide concentration measurements were critical to dl tests.
Cyanide electrode. The U.S. EPA-approved Cyanide Sdlective Electrode Measurement Method
was modified to a 3-point cdibration usng aworking curve from 2.5 to 250 ppm cyanide from the 4-
point calibration with aworking curve from 0.025 to 2.5 ppm cyanide. This calibration range bracketed
al cyanide concentrations as the tests were dlowed to progress. Slope vaues were recorded in
millivolts (mV) and consistently found to be within acceptable criteriaof 59.2+7 mV. Although never
encountered, the cyanide eectrode was to be recdibrated if a standard, upon being checked after every
5™ measurement, was outside 95-105% linear range. Cyanide-concentration measurements were
criticd to dl metd- complexed cyanide tests;, however, as noted above, this procedure was abandoned
in favor of an outside company, ACZ Laboratories, Inc.



5. QA/QC CHECK PROCEDURESAND ACTIVITIES

5.1 Check Procedures
Numerous procedures were in place to assure that quality data was reported. These check procedures

included

C recalibrating the various instruments used through the course of the tests as described in Section
4 - Qudity Assurance/Quadlity Control,

C andyzing cdlibration standards periodicaly to assure the various instruments were functioning
properly as also described in Section 4 - Qudity Assurance/Quality Control,

C measuring reagent blanks periodicaly to make sure the various instruments were not
contaminated thereby giving fase readings,

C running a duplicate sample to assure the data was reproducible,

C running a second duplicate sample in the dark to verify effects of UV radiation,

C matrix-gpiking atest to to assure the various insruments were functioning properly thereby
yielding results within 75-125% recovery,

C using laboratory fortified blanks for determining acceptable performance of the ion
chromatograph,

C edtablishing proficiency on the ion chromatograph by measuring 4 equaly prepared diquots,
caculating average % recoveries, sandard deviations, and upper and lower control limits, and
by comparing results to vaues found in the accuracy and precision table found in Determination
of Inorganic Anions in Water by 1on Chromatography (Method No. 300.0), and

C andyzing the results obtained from an outside laboratory via qudity indicator caculations.

Not al of these QA/QC check procedures passed. Corrective action which was taken is described in

the ensuing section.

5.2 Activities

During the course of the QA/QC experiments, problems arose which required QA/QC activities.
These activitiesincluded

C

C

having an outside company, ACZ Laboratories, Inc., measure the concentrations of the meta-
complexed cyanide using another technique. This was due to the difficulties that Montana Tech
had in getting SAD complexes, especidly Au(CN), and Co(CN)s>, to distill and give a
reasonabl e cyanide concentration measurement in the caugtic trgp solution. Because QA
indicators failed, experiments were repeated severd times as required by QA/QC procedures,
but unsatisfactory results were aways obtained,

examining aWAD species different from the Cu(CN),” complex that was proposed. Thiswas
necessary because of the difficulties encountered in getting CUCN(s) to dissolve and yield the
Cu(CN)," complex that was wanted for examination. It was decided that the other WAD
species would be Zn(CN),*. A request to EPA was made and granted in this regard,
lowering the concentration of Au(CN),” because not enough KAU(CN), was remaining to

complete the QA/QC study at the specified concentrations due to the need to repeat
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experiments as noted above. In thisregard, the amount of KAU(CN), was halved,

C

removing nitrite and nitrate concentration measurements from the critica measurement ligt to the
non-critica list sSnce the results were deemed unimportant to the needs of the study. A request
to EPA was made and granted in this regard but before it was realized that the outside
company, ACZ Laboratories, Inc., would aso have problems with concentration measurements
of some metal- complexed cyanides, especidly Co(CN)s®, and

completing QA indicator calculations to verify that Co(CN)s® concentration measurements
determined by ACZ Laboratories were flawed (see Section 3 - Treatability). However, in
doing S0, it was found that excellent correlaion with nitrite and nitrate concentration
messurements were obtained such that their concentrations could be summed and converted to
equivaent cyanide concentrations. Unfortunately, the nitrite and nitrate concentrations were not
criticaly measured as noted above.
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6. CONCLUSIONS

6.1 Summary

In this study, E4-pH diagrams were congtructed for cyanide complexes of Zn, Fe(Il), Fe(l11), Au and
Co under metastable and stable conditions. These metas were selected due to their differencesin
gability. For the most part, resulting metastable E;-pH diagrams, in which the cyanide was not alowed
to oxidize to form cyanate, nitrite and nitrate, showed Zn(CN),*, Fe(CN)s*, Fe(CN)s*, Co(CN)s* and
AU(CN), did not volatilize (i.e. shown to be thermodynamicaly ungable) at pH vauesbelow 7.2, 3.7,
3.2, 0.2 and <0, respectively. However, when compared to the stable E;-pH diagramsin which the
cyanide was dlowed to oxidize, none of the meta- complexed cyanides were found to be stablein
water. Photolyssis believed to overcome the energy barrier which makes the complexes stablein
water thereby causing their destruction. In thisregard, this study was undertaken, specificdly to
examine the effect of UV-irradiation on systems in the absence and presence of photolytic reagents such
as hydrogen peroxide for homogeneous photolysis and anatase for heterogeneous photocatayss. Itis
important to note that this study denotes the first time that an E.-pH diagram was constructed for the
cobalt-cyanide-water system.

After experiments were conducted, EPA-approved QA/QC distillation procedures were used to
measure the concentrations of meta- complexed cyanides. Most measurements by this technique
yielded data which was borderline acceptable, however, Co(CN)s* proved impossible due to its
refractoriness. Consequently, samples were prepared and ddlivered for andysis by an outside
company, ACZ Laboratories, Inc., who used an AllKem Rapid-How Anayzer (RFA) intrain
colorimetric procedure to analyze for total cyanide. Various QA/QC indicators were calculated and
and used to show that this procedure also had difficulty in passing QA/QC criteria. Clearly, an
andytica method for accurately measuring the concentrations of metal- complexed cyanide, especidly
Co(CN)e%, is needed.

It was found that the quantification of nitrite and nitrate reaction products would be adequate for
indirectly determining its remediation due to excellent correlation with the remediation of other meta-
complexed cyanides. In thisregard, atable was constructed (see Table 3.9) from a composite of the
results obtained from the direct metal- complexed cyanide measurements from ACZ LADboratories, Inc.
and the indirect nitrite and nitrate measurements from Montana Tech to show, within reason, results
which likely would have been obtained had a rdiable technque been used.

Hydrogen peroxide alone can be adequate for remediating metd- complexed cyanides (the DeGussa
Process) but becomes enhanced when UV-irradiated. On the other hand, anatase is only effectivein
the presence of UV radiation. Hydrogen peroxide tended to yield less nitrite when exposed to UV.
Anatase was seeming most photo-efficient as it tended to yield the least amount of nitrite. Further
comparison of the two photolytic processes indicates that, Aunder the conditions examined,i UV-
irradiated hydrogen peroxide is the better for remediating Zn-, Fe(11)-, Au- and Fe(l11)-complexes and
UV-irradiated anatase was found to be better for the Co-complex. Generaly, this means WADs need
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only be remediated by homogeneous photolysis but SADs would require heterogeneous photocatalyss
for their destruction. Since the literature suggests that the remediation mechanism for both UV-
irradiated anatase and hydrogen peroxide is due to the formation of hydroxide radicas, atheory which
suggests results should be independent of the source of hydroxide radicas, a new meachanism for the
remediation by homogeneous photocataysis was proposed. This mechanism involves a reaction with
holes (h") as opposed to arelease of eectrons (€).

However, it is critica to note that further research is necessary because only one pH condition was
investigated in this study. Lower pH conditions have shown increased reaction rates and therefore
improved remediation efforts of free cyanide. Furthermore, in regards to heterogeneous photocatayss,
achange in pH could dso maximize adsorption onto the surface of anatase particles and smultaneoudy
prevent the formation of precipitates of hydroxides, oxides and metals which, upon formation, could
mask the anatase surface and thereby diminish its photoreactivity.

6.2 Recommendations

Because this study was principaly modeled after the previous MWTP study on photolysis for

remediating free cyanide, many of the recommendations made here are the same. Inthisregard, it is

suggested that, because the photolytic technologies examined in this sudy are promising, they be further

investigated to improve upon reaction efficiencies and/or reaction rates. This can be accomplished by

examining other solid photocataysts, other dissolved photosenstizers, initia concentrations, redox

potentia, sparging gases, temperatures, pH conditions, UV waveengths, and UV intensities. For

example,

C ZnO, WO3, CdS, SIC, Fe,03, and certain zeolites, for examples, would be great
photocatalysts to study,

C nitrate (NOs) and aulfite (SO are examples of dissolved photosenstizers which yield hydroxyl
radicals when exposed to UV radiation and therefore are good candidates for studying,

C SO,, Ar, N, O3, and CO, are excellent candidates for changing atmospheric conditions and
smultaneoudy modifying the redox potentia of the systems,

C temperatures ranging from near-freezing to near-boiling should be examined to mimic changing
conditions observed in cold and hot climates,

C the effects of pH and other chemicals on adsorption need to be understood in order to
determine maximum adsorption conditions and therefore determine maximum conditionsin
which cyanide destruction would occur, and

C other wavelengths and intensities aside from the 254/185 nm and 600 FW/cn? used in this
study are available and can be obtained from avariety of different sourcesincluding lamps, arcs
and lasers.

However, it isimportant to note that another important recommendation was discussed in detall in

various portions of this report. This recommendation is perhaps the most imporaint of al. Dueto the
problems encountered in measuring the concentrations of meta- complexed cyanides, especidly

Co(CN)e?, it is highly recommended that another technique be selected and/or developed for QA/QC

dudies. Inthisregard, the author of thisreport believes strongly that, through the vast knowledge that
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he gained through the course of this project, he can easly develop a new technique for quaifying their
concentrations (Ref. 91). It isrecommended that this analys's technique be examined.

39



10.

11.

12.

13.

14.

15.
16.

17.

7. REFERENCES

Young, CA., MWTP Activity 1V, Project 3, Final Report, April, 1997, APhotoassi sted
Electron Transfer Reactions of Application to Mine Wastewater Cleanup: Nitrate and
Cyanide,@ Montana Tech, Butte, MT.

MWTP Activity 1V, Project 3A, Work Plan, 1997, APhotoassisted Electron Transfer Reactions
of Application to Mine Wastewater Cleanup: Metd- Complexed Cyanides,i MSE-TA, Inc.,
Butte, MT.

MWTP Activity IV, Project 3A, QAPP, 1997, APhotoass sted Electron Transfer Reactions of
Application to Mine Wastewater Cleanup: Metd- Complexed Cyanides,i MSE-TA, Inc., Buitte,
MT.

MWTP Activity I, Volume 1, 1992, Alssues I dentification and Technology Prioritization Report:
Mobile Toxic Congdtituents - Water and Acid Drainage,@ MSE-TA, Inc., Butte, MT.

MWTP Activity I, Volume 3, 1993, Alssues Identification and Technology Prioritization Report:
Cyanide,d MSE-TA, Inc., Butte, MT.

MWTP Activity I, Volume 3, Appendix A, 1995, Alssues | dentification and Technology
Prioritization Report: Cyanide,§ MSE-TA, Inc., Butte, MT.

MWTP Activity I, Volume 4, 1994, Alssues | dentification and Technology Prioritization Report:
Nitrate,d MSE-TA, Inc., Butte, MT.

MWTP Activity I, Volume 4, Appendix A, 1994, Alssues | dentification and Technology
Prioritizetion Report: Nitrate,§d MSE-TA, Inc., Butte, MT.

Huiatt, JL., Kerrigan, JE., Olson, F.A. and Potter, G.L. (Editors), 1983, Cyanide From
Mineral Processing, Proceedings of Workshop, Salt Lake City, UT, The Nationa Science
Foundation, Washington DC, pp. 122.

Marsden, J. and Housg, 1., 1992, The Chemistry of Gold Extraction, EllisHorwood Limited,
Chichester, West Sussex, England, 259-288.

B.C. Weathington, 1988, AProject Summary. Destruction of Cyanide in Waste Waters. Review
and Evauation§ U.S. EPA Report No. EPA/600/2-88/031, Water Engineering Research
Laboratory, Cincinnati, OH.

C.A. Young and T.S. Jordan, 1995, " Cyanide Remediation: Current and Past Technologies,( in:
Proceedings of the 10th Annual Conference on Hazardous Waste Research, HSRC,
Kansas State University, Manhattan, KS, 104- 129.

C.A. Young, S.P. Cashin and T.S. Jordan, ARemediation Technologies for the Separation and
Destruction of Agqueous Cyanide Species,i Preprint No. 96-149, SME, Littleton, CO.

T.I. Mudder and J.L. Whitlock, 1984, ABiologica Treatment of Cyanidation Wastewaters,i
SME Preprint No. 84-37, SME, Littleton, CO.

J. Whitlock, 1989, AThe Advantages of Biodegradation of Cyanides,§ JOM, 46-47.

B. Skowronski and G.A. Strobel, 1969, ACyanide Resistance and Cyanide Utilization by a
Strain of Bacillus pumilus,@ Canadian Journal of Microbiology, Vol. 15, 93-98.

J. Modrdll, 1995, AFeasihility of Biologica Destruction of Cyanide to Aid Closure of Cyanide
Leach Operations,i Proceedings of Mine Design, Operations and Closure Conference,

40



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

MWTP, MSE-KA, Inc., Butte, MT.

H.J. Garcia, et a., 1995, AFate of Cyanidein Anaerobic Microbid Systems, i B.J. Scheiner et
a. (Editors), New Remediation Technology in the Changing Environmental Arena, SME,
Littleton, CO, 229-234.

R.D. Falon, 1991, AEvidence of a Hydrolytic Route for Anaerobic Cyanide Degradation,(
Applied Evironmental Microbiology, 58:3163-3164.

L.C. Thompson, R. Fischer and SW. Beckman, 1995, AS'TE Demondiration of
Bioremediation of Cyanide at the Summitville Colorado Site,@ 21st Annua Risk Reduction
Engineering Laboratory Research Symposum.

L.C. Thompson and R.L. Gerteis, 1990, ANew Technologies for Mining Waste M anagement:
Biotreatment Processes for Cyanide, Nitrates, and Heavy Metds,( in: F.M. Doyle (Editor),
Mining and Mineral Processing Wastes, SME, Littleton, CO, 271-278.

Degussa AG, AHydrogen Peroxide: Detoxifying Mine Effluents Containing Cyanide,(
Geschéftsbereich Anorganische Chemieprodukte, Postfach 11 05 33, D-6000 Frankfurt 11,
Federal Republic of Germany, 1994.

H. Knorre and A. Griffiths, 1984, ACyanide Detoxification with Hydrogen Peroxide Using the
Degussa Process|(i in: D. van Zyl (Editor), Cyanide and the Environment, American
Chemica Society, Washington D.C.

O.B. Mathre and F.W. DeVries, 1981, ADedruction of Cyanidein Gold and Siver Mine
Process Water," Proceedings of the 110th AIME Annual Mesting, Chicago, IL, 77-82.

A.M. Quamrul, M. Griffiths and E.P. Jucevic, 1989, ADetoxification of Spent Heap Legps with
Hydrogen Peroxide,§ Journal of the South African Institute of Mining and Metallurgy,
87:279-283.

H.M. Castrantas et a., 1995, ACaro's Acid, the Low Cost Oxidant for CN Detoxification,
Attains Commercid Status,@ Preprint No. 95-153, SME Annual Mesting, Littleton, CO.
H.M. Cadtrantas, V. Cachic and C. McKenzie, 1988, ACyanide Detoxification of aGold Mine
Tailings Pond with H,O,,@ Proceedings of the Randol Gold Conference, Randal Int. Ltd.,
Golden, CO, 81-88.

JA. Coleand C. Stoiber, AThe Implementation of Caro-s Acid as a Cyanide Tailings Treatment
Method at Lone Tree Minge,i Preprint No. 96-153, SME, Littleton, CO.

E.A. Devuyg, B.R. Conrad, R. Vergunst and B. Tandi, 1989, AA Cyanide Removal Process
Using Sulfur Dioxide and Air,§ JOM, 41:43-45.

A. Zadi et d., 1988, "Evaduaion of INCO's SO./Air Process for the Remova of Cyanide and
Asociaed Metds from Gold Milling Effluents a McBean Mine," Report of Wastewater
Technology Center - Environment Canada, Burlington, Canada

G.H. Robbins, 1994, AHistorica Development of the INCO SO,/Air Cyanide Destruction
Process,i Proceedings of the Toronto >94, CIM-AGM, Toronto, Ontario, Canada.

S.G. Nuitt, 1982, AEvduation of the SO,-Air Oxidation Process for Treatment of Cyanide
Containing Wastewater,l Report of Wastewater Technology Center - Environment Canada,
Burlington, Canada.

J.G. Dobson, 1947, AThe Treatment of Cyanide Wastes by Chlorination§ Sewage Works

41



35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

Journal, 19:1007-1020.

A. Zaidi and L. Whittle, 1987, AEvaudtion of the Full Scale Alkdine Chlorination Trestment
Mant a Giant Ydlowknife MinesLtd.,i Report of Wastewater Technology Center -
Environment Canada, Burlington, Canada.

W. Staunton, R.S. Schulz and D.J. Glenister, 1988, AChemical Treatment of Cyanide Tallings"
Proceedings of the Randol Gold Conference, Randol International Ltd., Golden, CO, 85-86.
J. Clennd, 1915, The Cyanide Handbook, McGraw Hill, New York, NY.

V.V. Goncharuk and A.O. Samsoni-Todorov, 1986, APhotocatalytic Decompostion of
Hydrogen Peroxide in Aqueous Solutions in the Presence of Ferrocyanides,i Sov. J. Water
Chem. & Tech., 8:48-52.

C.A. Young, S.P. Cashin and F.E. Diebold, 1995, APhotolysis for Cyanide and Nitrate
Remediation of Water,( in: M. Misra (Editor), Separation Processes. Heavy Metals, lons
and Minerals, TMS, Warrendale, PA, 61-80.

B.G. Oliver and J.H. Carey, 1986, APhotodegradation of Wastes and Pollutantsin Aquatic
Environment,§ in: E. Pelizzetti and N. Serpone (Editors), Homogeneous and Heterogeneous
Photocatalysis, D. Reidel Publishing Co., New York, NY, 629-650.

N. Serpone, E. Borgardlo, M. Barbeni, E. Pdlizzetti, P. Pichat, J-M. Hermann and M.A. Fox,
1987, APhotochemica Reduction of Gold(l11) on Semiconductor Dispersons of TiO» inthe
Presence of CN' Ions: Disposal of CN' by Treatment with Hydrogen Peroxide,i J.
Photochem., 36:373-388.

SA. Frank and A.J. Bard, 1977, AHeterogeneous Photocata ytic Oxidation of Cyanide and
Sulfite in Aqueous Solutions a Semiconductor Powders,f The Journal of Physical Chemistry,
81(15):1484-1488.

X. Domenech and J. Perdl, J., 1988, ARemova of Toxic Cyanide from Water by
Heterogeneous Photocatalytic Oxidation over ZnO,i Solar Energy, 41:55-59.

H. Hidaka, T. Nakamura, A. Ishizaka, M. Tsuchiyaand J. Zhao, 1992, AHeterogeneous
Photocatalytic Degradation of Cyanide on TiO, Surfaces,§ J. Photochem. Photobiol., 66:367-
374.

B.V. Mihaylov, JL. Hendrix and JH. Nelson, 1993, AComparative Cataytic Activity of
Selected Meta Oxides and Sulfides for the Photo-oxidation of Cyanide, J. Photochem.
Photobiol., 72:173-177.

A.M. Miles, AA Study of the Photocataytic Effects of Aqueous Suspensions of Platinized
Semiconductor Materias on the Reaction Rates of Candidate Redox Reactions,§ NASA Grant
No. NAG-162 Find Report, NASA-Langley Research Center, Langley, VA, pp. 18.

E.B. Milosavljevic, L. Solujic, JL. Hendrix, C.H. Pollemaand JH. Nelson, 1992,
APhotochemicdly Induced Reections of Cyanide lon, in: J.P. Hager (Editor), EPD Congress
1992, Proceedings of, San Diego CA, The Minerds, Metals and Materias Society,
Warrendale, PA, 205-221.

J. Perd and X. Domenech, 1989, ACyanide Photo-Oxidation Using a TiO»-Coated Zeolite,"
Chem. & Ind., 606.

C.H. Pollema, J.L. Hendrix, E.B. Milosavljevic, L. Solujic and JH. Nelson, 1992,

42



49,

50.

51

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.
63.

APhotocataytic Oxidation of Cyanide to Nitrate at TiO, Surfaces,i§ J. Photochem. Photobiol.,
66:235-244.

N. Serpone, E. Borgardlo and E. Pelizzetti, 1988, APhotoreduction and Photodegradation of
Inorganic Pollutants: 1. Cyanides,@ in: M. Schiavello (Editor), Photocatalysis and
Environment, Kluwer Academic Publishers, Amsterdam, The Netherlands, 499-526.

N. Serpone, D. Lawless, R. Terzian, C. Minero, and E. Pdlizzetti, 1991, AHeterogeneous
Photocatalyss. Photochemical Conversion of Inorganic Substances in the Environment,§ in: E
Pdlizzetti and M. Schiavello (Editors), Photochemical Conversion and Storage of Solar
Energy, Kluwer Academic Publishers, Amsterdam, The Netherlands, 451-475.

J. Zhang, JL. Hendrix and M.E. Wadsworth, 1991, APhotocataytic Oxidation of Cyanide in:
D.R. Gaskdl (Editor), EPD Congress 1991, Proceedings of, New Orleans, LA, The Minerds,
Metds and Materias Society, Warrendale, PA, 665-676.

D. Bhakta, S.S. Shukla, M.S. Chandrasekhardah and JL. Margrave, 1992, AA Nove
Photocataytic Method for Detoxification of Cyanide Wastes,§ Environ. Sci. Technol .,
26:625-626.

E. Borgardlo, R. Terzian, N. Serpone, E. Pdizzetti and M. Barbeni, 1986, APhotocatayzed
Transformation of Cyanide to Thiocyanate by Rhodium-loaded Cadmium Sulfidein Alkaine
Aqueous Sulfide Media,@ Inorg. Chem., 25:2135-2137.

T.D. Waite, 1994, APhoto-Redox Processes at the Mineral-Water Interface,i in: P.H. Ribbe
(Editor), Reviews in Mineralogy - Mineral-Water Interface Geochemistry, 23:559-603.
G.R.Hdtz, R.G. Zepp, and D.G. Crosby, 1994, Aquatic and Surface Photochemistry, Lewis
Publishers, Boca Reton, Louisana

N. Serpone, E. Borgardlo and E. Pelizzetti, 1988, APhotoreduction and Photodegradation of
Inorganic Pollutants, |1: Selective Reduction and Recovery of Au, Pt, Pd, Rh, Hg, and Pb,§ in:
Photocatalysis and Environment, 527-565.

P.V. Kamat, 1993, APhotochemistry of Nonreactive and Reactive (Semiconductor) Surfaces,i
Chem. Rev., 93:267-300.

J.D. Coyle, 1986, Introduction to Organic Photochemistry, John Wiley & Sons, New Y ork,
NY.

D. Bahnemann, D. Bockdmann and R. Godlich, 1991, AMechanistic Studies of Water
Detoxification in Illuminated TiO, Suspensions,i Solar Energy Materials, 24:564-583.

V. Bdzani and F. Scandola, 1981, APhotochemica Electron Transfer Reectionsin
Homogeneous Solutions,§ in: John S. Connally (Editor), Photochemical Conversion and
Sorage of Solar Energy, Academic Press, New York, NY, 97-129.

M.A. Fox, 1983, AOrganic Heterogeneous Photocataysis: Chemica Conversons Sengtized by
Irradiated Semiconductors,§ Accounts Chem. Res., 16:314-321.

M.A. Fox and M.T. Dulay, 1993, AHeterogeneous Photocatalyss,i Chem. Rev., 93:341-357.
M. Halmann and K. Zuckerman, 1986, APhotoassisted Reduction of Carbon and Nitrogen
Compoundswith Semiconductors,§ in: E. Pelizzetti and N. Serpone (Editors), Homogeneous
and Heterogeneous Photocatalysis, D. Reidd Publishing Co., New York, NY, 521-532.

O. Legrini, E. Oliveros and A.M. Braun, 1993, APhotochemical Processes for Water

43



65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.
76.
77.
78.
79.
80.
81.
82.
83.

85.

86.

Treatment,§ Chem. Rev., 93:671-698.

JM.-Herrmann, C. Guillard and P. Pichat, 1993, AHeterogeneous Photocatalysis An Emerging
Technology for Water Treatment, () Catalysis Today, 17:7-20.

D.M. Blake, J. Webb, C. Turchi and K. Magrini, 1991. AKinetic and Mechanigtic Overview of
TiO,-Photocatayzed Oxidation Reactions in Aqueous Solution@ Solar Energy Materials,
24:584-593.

H.-H. Huang and L. Cuentas, 1989, AConstruction of E-pH and Other Stability Diagrams of
Uranium in a Multicomponent System with a Microcomputer - |. Domains of Predominance
Diagrams/i Canadian Metallurgical Quarterly, 28(3):225-234.

H.H. Huang and C.A. Y oung, 1986, AModification of STABCAL for the Mass-Baanced
Cdculation of E4-pH Diagrams,i in: P.E. Richardson, R. Woods, and F. Doyle (Editors),
Electrochemidry in Minerd and Metal Processing |V, Electrochemica Society, Pennington, NJ.
H.-H Huang, MWTP Activity 1V, Project 1, Fina Report, May, 1996, ABerkeley Pit Water
Treatment Research, Montana Tech, Butte, MT.

L.T. Twidwdl, MWTP Activity IV, Project 4, 1996, AArsenic Stabilization§ Fina report
submitted, Montana Tech, Butte, MT.

D.D. Wagman et d., 1989, The NBS Tables of Chemical Thermodynamic Properties,
Nationa Bureau of Standards, Washington DC.

J.F. Pankow, 1991, Aquatic Chemistry Concepts, Lewis Publishers, Chelsea Michigan.

K. Osseo-Asare, T. Xueand V.S.T. Cimindli, 1984, ASolution Chemistry of Cyanide Leaching
Systlems,§ in: Precious Metals. Mining, Extracting and Processing, V. Kurdryk, D.A.
Corrigan, and W.W. Liang (Editors), TMS, Warrendale, PA, 173-197.

X. Wang and K.S.E. Forssberg, 1990, AThe Chemistry of Cyanide-Metd Complexesin
Rdation to Hydrometalurgical Processes of Precious Metds,§ Minerals Processing and
Extractive Metallurgy Review, 6:81-125.

I[UPAC, 1995, Stahilty Congtants Database, Version 1.37, Y orksire, United Kingdom.

E. Avsar and B. Basaran, 1909, Polyhedron, 6:102.

J. Espenson and J. Pipd, 1968, Inorg. Chem., 7:1463.

R. 1zatt, G. Watt and C. Bartholomew, 1968, Inorg. Chem., 7:2236.

M. Burnett, J. Connolly and C. Kemball, 1967, J. Chem. Soc., A:800.

J. Pratt and R. Williams, 1967, J. Chem. Soc., A:1291.

F. Guzzettaand W. Hadley, 1964, Inorg. Chem., 3:259.

G. Sartori, 1936, Gazetta, 66:688.

S.P. Cashin and C.A. Y oung, 1994, AComparison of Photolytic Methods for the Remediation
of Cyanide,§ in: Proceedings of the Black Hills Fifth Western Regiona Conference on Precious
Metals, Cod and the Environment, SME Loca Section, Lead, SD, 83-96.

S.P. Cashin, 1996, Cyanide Oxidation by Advanced Oxidation Processes, Thess, Montana
Tech of The Universty of Montana, Butte, MT.

B. Mikeson, M. Pruss, K. Slaybaugh and C.A. Y oung, 1997, APhotolytic Destruction of
Metd- Complexed Cyanides,i presented a the SME Annual Meeting, Denver, CO.

M. Pruss, 1997, AComparison of Photolytic Methods for the Destruction of Metal- Complexed

44



87.

88.
89.

90.

91.

Cyanides,§ presented at the First Annual Undergraduate Research Conference, Montana Tech,
Butte, MT.

American Public Health Association, 1989, Standard Methods for the Examination of Water
and Wastewater, 17th Edition, Washington, DC.

U.S. EPA, 1988, EPA Test Methods, Washington, DC.

R.O. Jamesand T.W. Hedly, 1972, "Absorption of Hydrolyzable Meta 1ons at the Oxide-
Water Interface", Journal of Colloid and Interface Science, 40(1):

JB. Hiskey and V.P. Atluri, 1988, ADissolution Chemigry of Gold and Silver in Different
Lixivants,@ Min. Proc. Extr. Met. Reviews, 4:95-134.

C.A. Young, 1997, unpublished results, Montana Tech, Butte, MT.

45



Appendix A

Thermodyanmic Data

46



GENERAL SPECIES

Water - G° (kcal/mole) Source
H* 0 [Ref. 71]
OH -37.59 [Ref. 71]
H.0 (1) -56.69 [Ref. 71]
Nitrogen - G° (kcal/mole) Source
CN- 41.20 [Ref. 71]
HCN (aq) 28.61 [Ref. 71]
OCN' -23.28 [Ref. 71]
HOCN (aq) -27.99 [Ref. 71]
NO; -7.70 [Ref. 71]
HNO; (aq) -12.09 [Ref. 71]
NOs -26.59 [Ref. 71]
Carbon - G° (kcal/mole) Source
CO5* -126.15 [Ref. 71]
HCO; -140.24 [Ref. 71]
H,COs (aq) -148.92 [Ref. 71]
COBALT SPECIES

Aqueous - G° (kcal/mole) Source
Co* 32.03 [Ref. 71]
Co* -13.00 [Ref. 71]
HCoO, -71.58 [Ref. 71]
Co(OH),(a0) -100.79 [Ref. 71]
Solids - G° (kcal/mole) Source
Co° 0 [Ref. 71]
Co(OH)4(9) -109.49 [Ref. 71]
Cyanide Complexes - G° (kcal/mole) Source
Co(CN)3 91.91 [Ref. 76]
Co(CN)s* 161.62 [Ref. 77]
HCo(CN)s* 161.84 [Ref. 78]
HCo(CN)s* 158.09 [Ref. 79]
Co(CN)s* 208.15 [Ref. 80]
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Constant (if appropriate)

Constant (if appropriate)

log(J ) = 13.7
log(Js) = 23.0
log(Kyy) = -0.16
log(K ) = 2.59
log(Je) = 19.1



Co(CN)s* 186.01 [Ref. 81] E° =-0.96 V with Co(CN)s*
Co(CN)s* 185.37 [Ref. 82] E° =-0.96 V with Co(CN)s*
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GOLD SPECIES

Aqueous - G° (kcal/mole) Source
Au® 103.6 [Ref. 90]
AU 39.0 [Ref. 90]
AuOs* -5.8 [Ref. 90]
HAUOS* -27.6 [Ref. 90]
H,AuO; -45.8 [Ref. 90]
Au(OH)s(aq) -61.8 [Ref. 90]
Solid - G° (kcal/mole) Source
Al 0 [Ref. 90]
Au(OH)3(9) -69.3 [Ref. 90]
AUO, -48.0 [Ref. 90]
Cyanide Complexes - G° (kcal/mole) Source
AU(CN), 64.4 [Ref. 90]
ZINC SPECIES

Aqueous - G° (kcal/mole) Source
Zrt* -35.15 [Ref. 71]
ZnOH" -78.90 [Ref. 71]
Zn(OH),(a0) -124.94 [Ref. 71]
Zn(OH)s -165.92 [Ref. 71]
Zn(OH)* -205.19 [Ref. 71]
Solid - G° (kcal/mole) Source
Zr’ 0 [Ref. 71]
Zn(OH)x(s) -132.66 [Ref. 71]
Cyanide Complexes - G° (kcal/mole) Source
Zn(CN),* 106.81 [Ref. 71]

49

Constant (if appropriate)

Constant (if appropriate)



IRON SPECIES

Aqueous - G° (kcal/mole) Source
Fe** -4.27 [Ref. 71]
FeOH*" -71.58 [Ref. 71]
Fe(OH)," -108.42 [Ref. 71]
Fe(OH)s(aq) -161.90 [Ref. 71]
Fe(OH)4 -201.70 [Ref. 71]
Fey(OH),* -111.68 [Ref. 71]
Fe** -22.05 [Ref. 71]
FeOH" -69.54 [Ref. 71]

Fe(OH),(aq) -109.75 [Ref. 71]
Fe(OH)s -148.48 [Ref. 71]
Fe(OH),* -185.52 [Ref. 71]
Solids - G° (kcal/mole) Source
Fe° 0 [Ref. 71]
Fe(OH)4(9) -117.84 [Ref. 71]
Fe(OH)3(9) -170.80 [Ref. 71]
Cyanide Complexes - G° (kcal/mole) Source
Fe(CN)e* 174.33 [Ref. 71]
Fe(CN)s" 166.13 [Ref. 71]
HFe(CN)s® 160.44 [Ref. 71]
H,Fe(CN)e” 157.41 [Ref. 71]
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Constant (if appropriate)
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ACE Labaratories, fne

20400 Drwnhil! Dave
Nteamboar Sprimgs, 0 8487
(R3] 334-5407

Montana Tech of the U, of Montana Client Project 1D: pOR1070
1300 W, Park 51 ACK Repont 1D RO46248
Butte, MT 59701 Date Reported: 4776797
Courmey ¥ oung Sample Matrix:  iseefianeons

'slr ‘\rnide.. lul
_ e Receivedais i ]
Li14051-0] Lt H3%7 11n mekg E a0 NPT

MOD12 - Automate
i

d Colo_

LId0§1-02 2 HART &/3/07 |08 mg/kg 3 30 H25/97

LAR051-01 3 HLLT 6¢3/97 124 miihg £ 30 &/25/97

Lishsi-04 % 6267 B3BT 117 markg 3 30 /25007

LifG51-05 i 287 397 168 mzhg £ in a5y

Lid651-06 a B 257 h3M7 182 nz'heg 3 gl 25

Li40351.07 i o287 6397 144 mg'hg 3 £ 25007

L0508 8 W27 6/3/97 69 me'Ke 3 30 a5y

Lid05f-0% E n2087 0/397 44 me/ke i ] B25AT tej
Li4051-1a 1 62097 AfART 40 me'ke 2 a0 2507 BT
LIOST-IT 11 AIZT 63197 &7 me/Ke 3 10 625197 safgj
Lid0sf-12 12 69T L L) me/Ke 5 30 ai2EeT s3/gj
LI4051-13 13 AT 9T ity me/Ke 3 0 25T sxici
LI405]1-14 14 a72aT7 83797 82 meikg g o 2587 s
LI4051-15 [f HeT 6397 0a7 meKe a0l 035 /257 I
Li465t-16 6 L7 03/97 oo mboe [ER1 .05 H25m7 lej
L14351-17 17 612097 e 52 mgka 5 i 2557 sslip
LI4G3T-T8 13 6297 307 7 kg i i f 25157 55/
LI4051-19 19 LT 397 32 Mg kg 5 30 2587 550
LI405]-20 m 207 653407 130 marka 041 110E 2597 L
LI40ST-28 1t (72197 0/3/97 b mEkg 3 ] 6r25/07 T
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LI4051-23 23 (/397 4 B mxiky | 3 25497 asig
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Lid0si-33 35 WYY 5397 129 mekg 2 ElH 62507 sudd

Note: Sample was distilled for Total Cyvanide on 6/14/97 within the fourteen day holdtime.

Lnaivee was anaivzed for but not deested at the indicaea MDL

H o= Amaivie concentration detected ot a value hetween MDL and POL /(4}7/2_/ L 7

POL = Practical Quantitation Limit ] : ;
Vice President of Operanons: Ralph Poulsen




ACZ

VCE Laboratortes, nc.

I Dovwniill Drive
Steamboat Nprings, €O L4837
(8 334-5491

Montana Tech of the U of Montana Client Project ID: Pry/oi70
1300 W. Park St ACZ Report ID: ReGas24%
Butte, MT 59701 Date Reported, /2697
Courtney Young Sample Matrix:  Afisceilancous

Wet Chemistry Lab Filtration e

LI4O5T-03 3 62097 3097 A12/97 w
LI405]-04 4 5297 o397 af12a7 W
Liqgsin7 g H9T /3597 81297 W
L14851-10 ih w07 7 20T W
LI4O§I-1T bk 52007 6/l 297 Lvw
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Li4051-i7 17 W97 1207 W
L14851-18 I8 297 /397 & 128a7 w
LIdbs7-21 21 £2/87 0397 B 12aT VW
LI4050-24 4 w297 5/3197 HL2N7 W
LI4051-25 25 62097 0/3/97 &/12/97 ¥ w
LI4051-28 28 27297 o397 &12M97 W
Lidgsr-3] il (e [ 61 2097 v
Li4Asr-32 52 297 6/3/97 a1 29T Lvw
LI4051-35 1% 6297 3T 6/12/97 Ivw

anatvred 1o but not detected at the indicated MDL

U= Analyie w

R = Analvte concentrauon oerectod at o vaiue between MDL and 1O0 yyﬁ’}' P
PQL = Practicar wanuzation Limir T L e

Vice President of Operations: Halph Poulsen
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anz Laboraones, (ne
30400 Dawniull Drive
Steamboat Springs. CO 80487

Pape 2 of 2
SAMPLE RECEIPT FORM
4 ! i
CLIENT: [l op tec DATE =/ 37
PROJECT #: A4S | ANALYST: &7
TEMPERATURE VERIFICATION SAMPLE CHECK (°C)
CONTAINER TEMP(*C) RAD
1D 2% to 6° WuR/Mr
b—a i s ) If container radioactivity is
" |> 25 uR/hr then each sample
must be screened.
PRESERVATION CHECK (pH) & RADIOACTIVITY SCREEN
SAMPLE R G ¥ ¥G B BG 0 ‘T P RAD
=2 <2 <2 <2 <2 <32 7] =12 =12 wR/hr

INTERNAL COMMENTS;

REPORT COMMENTS:
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ACZ

VOE Laboratenes, fnc.

J0460 Dowrnil] Dreve
Steamboar Springs, OO 80487
(B0} 334-5491

Montana Tech ol the U of Montana
1300 W, Park St

Butre. MT 39701

Courtney Young

Cliemt Project ID:  Poytaii)
ACE Report 1D Reiaa249
Cate Reported: 52697
Sample Matrix:  \fisceffaneous

Wet Chemistry

LI4051-03 4 62097 [N
LI40F]-04 + LI G397
Lidgir67 7 H07 63597
LI4A51-i0 b a2 0397
LIdOsI-1f H 612197

Liqisi-14 4 28T

Lidasi-17 17 HiZmT

L14G51-18 14 A72:97 387
LId05T=2F 21 G297 507
LI4051-24 o 2097 543597
LI4051-25 s 62097 53/97
Li4G51-28 I8 ST BERCE
Liddsi-3] il Lol 39T
LI4051-32 32 207 6/3/97
LI4051-35 15 0:2/97 HE397

s anaivred or but nol detecred at the indicated MIDL

B = Analvte concentration oerected a1 4 valwe between MDL and PO

[= R e ]

Bl omdoan

Wice President of Operatons: Halph Poulsen

A12097
&L 207
B12097
aA29T
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6 12797
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Appendix C

QA/QC Summary Report
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AEZ Laboratories, Inc.

CASE NARRATIVE
July 17, 1997

Client: Montana Tech
Project: Cyanide Study - PO#10170
Matrix: Synthetic Aqueous
Date Received: 06/03/97
Laboratory Nos.: L14051-01 through L14051-35
Sample Receipt:

ACZ Laboratories Inc. (ACZ) received thirtyfive aqueous samples from Montan Tech on June 3. 1997
Upon receipt, the sample custodian removed the samples from the cooler, inspected the contems, and
logged the samples into ACZ's computerized Laboratory Information Management System (LIMS).
The custodian verified the sample information entered into the computer against the chain of custody
(COC) forms and sample bottle labels. The samples were actually received in a hox at 15 degrees C.
No other anomalies were noted regarding the samples receipt.

Holding Times:

All analytes were performed within EPA recommended holding times.

Quality Control:

1. One duplicate set was flagged on the QC Summary because it was outside the precision
acceptance limit of 20%. Several other duplicate sets were within the acceptance criteria. Comparison

to historical data and/or data qualification may be necessary. Considering the nature of these samples
the problem was probably random and not systematic.

= Hodesald

Scott Habermehl, Project Management

Page 1 of 1

MT 14051.DOC

30400 Dawnhill Drive FPhone (800} 334-5433
Steamboat Springs, CO 804875400 FAX No. (370) 879-2218

Appe



ACZ

30400 Downhill Drive
Steamboat Springs, CO 80487
{300) 334-5493

Fax: (370) B79-2216

QC Report ID: QC1339-A

ACZ Project ID: L14051

REPORT TO:

Courtney Young
Mentana Tech of the U. of Montana

1300 W. Park St

Butte, MT 59701

718197
7/ /97
Geherated by Cynthia Clark, Document Control Assistant Date
= ) "II =/ 3;’;‘?7
- TJQIQAMM s
Reviewed by Scoit Habermehl, Project Manager Date

REPQCO01.09 86.02
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ACZ

0400 Dowrhiil Drive . Sample Identification
Steamboar Springs, CO 80487 3

(800} 334-5493
Fax: (570) B73-2276

ACE Project # L1057

Clignt Montana Tech of the U. of Montana
Client Project 1D PORIOTO

Date Received Ara8T

Date Renorted TamT

L14051-01

1 Miscallaneous /2197 9:30:00 AM Braey
L140517-02 2 Miscailaneous GI2/9T 9:30:00 AM Bf3ST
L14054-03 3 Miscellaneous G/2/97 9:30:00 AM Gf3/97
L14051-04 4 Miscellaneous 6/2/97 9:30:00 AM Br3raY
L14051-05 ] Miscallaneaus B/2/87 2:30:00 AM B3MAT
L14051-08 G NMiscellaneous Bf28T7 93000 AM /397
L14051-07 T Whiscellaneous BI2/97 9:30:00 AM G/3/97
L14051-08 8 Misceilaneous 6/2/97 9:30:00 AM G/3/97
L14051-09 9 Miscellanecus G/2/97 9:30:00 AM G/3/97
L14051-10 10 Miscellaneous G/2/97 9:30.00 AM BI3/97
L14051-11 & Miscellaneous B/2/97 5:30:00 AM G387
L14051-12 12 Miscellaneaus Bf2/97 9:30:00 AM B/3AT
L14051-13 12 Miscellaneous GF2/97 §.30:00 AM 8387
L14051-14 14 Miscellaneous G287 9:30:00 AM 6/3/97
L14051-15 15 Miscellaneous G/2/07 9:30:00 AM GBIET
L14051-18 16 Misceallaneous B/2/97 9:20:00 AM BI3IET
L14051-17 1 Miscellanecus /2197 9:20:00 AM 513197
L14051-18 18 Miscellanegus B/2/97 9:30:00 AM BI3MaT
L14051-19 19 Miscellansous B/2/97 9:30:00 AM &8/3ma7T
L14051-20 0 Miscelianeous BA/AT £:30:00 AM 213197
L14051-21 21 Miscellaneous BfZ/O7 8:30:00 AM /397
L14051-22 22 Miscellaneous Br2/ST :30:00 AM G/3/87
L14051-23 23 Miscallaneous BI2I8T 9:30:00 AM 6/3/87
L14051-24 24 Mizcatlaneous BI20T 9:30:00 AM B3/S7
L14051-25 2 Misceilanecus G/2/97 9:30:00 AM B/309T
L14051-26 28 Miscellaneous G/2/97 8:30:00 AM BI39T
L14051-27 27 Miscellansaus 6/2/97 3:30:00 AM B13/87
L14051-28 28 Misceillaneaus G/2/97 5:30:00 AM 8/97
L14051-29 28 Miscelianeous B/2/97 2:30:00 AM /3BT
L14051-30 30 Miscelianeaus B/2/97 9:30:00 AM G387
L14051-31 3 Miscellaneous Gi2/97 9:30:00 AM Br3/57
L14051-32 2 Misceilaneous B/2/97 9:30:00 AM BT
L14051-33 33 hiscellaneous B2/8T 9:30:00 AM B3eT
L14051-34 34 Miscellansous BI2/87 9:30:00 AM BIEST
L14051-25 15 Miscelaneous G/2/97 9:30:00 AM /37
Comments:

REPQCO01.08.98.02
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ACZ

30400 Downhill Drive Matrix : Miscellaneous |
Steamboat Springs, CO 80487 . ! e |
(800) 334-5493 Analysis Group | Wet Chemusiry

Fax: (870) 878-2216 QC Report [ Cafibration Verification-

AGZ Projact # L 14051 Control Sampies

QC Repart ID QC1339-A

Cliant Montana Tech of the U, of Montana

Client Project ID Powt070

Date Recewea 8397

Date Reported BT

Cyanide, total

Mathod MB012 - Automated Colorimetric Prep Work Graup NiA
Aseociated Client Sxs  L14051-01 to -0B, -10t0 -14, 417 10 .18, -21 ta -23, 26, -20 to -35 AOmRE sl bk Craup ol

Run ID Murmber R32374.
Caintrol Limits; 2% b

WG42433ICV maiL

PCN5244 A(25/97 12.06:00 AM ,
WGA243300Y 1 CCV  PCNS5249 §/25/97 12.18:00 AM 0.197 mgiL 90 110 |
WiG42433CCV2 CCV  PCN5249 /25/87 12:30:00 AM 0,193 mgiL a0 110 |
WG4243300V2 CCV  FCNS249 B125/57 12:42:00 AM 0.1994 maiL 90 110 I
WG4243300V4 GOV PCN5249 B/25/97 12:54:00 AM 02 mgiL 90 110
WGE42433CCV5E CCV PCNS249 G/25/97 12:59.00 AM 2.198 mg/il a0 110
Method  M3012 - Automated Colorimetric Prep Wark Graup i
Associated Client Sxs  L14051-09. -15 t0 =16, -20, 24 10 -25, -27 10 -28 Analytical Werrk Group WiG43122
Run IC Number R32404

WG43122ICY  ICV  PCN5249  B/25/97 12.08.00 AM : 0.323 mgiL : 90 110
WG4 220001 CeV PONE245 52597 12:18:00 AM 6.2 0.168 gl i a0 110

s

REPQCO01.09.98.02
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ACZ

30400 Downhill Drive Matrix . Wscellaneous

Steamboat Springs, CO 50487 7 ! .

(800) 334-5493 Analysis Group ; Wet Chemisiry

Fax: (370} 879-2216 QC Report : Calibration Verification-

ACZ Project # L14051 Blanks

QC Repar 1D QC1339-4

Cliant Montana Tech of the U, of Montana

Client Project ID PORIQITO

Date Receved 8397

Date Reported TRRT

Cyanide, total

Method  M9012 - Automated Colarimetric Prep Work Group NiA
Analytical Work Group WGE42423

Associated Client Sxs L14051-01 to -08, 10 to -14. -17 10 -19, -21 10 -23, -26, -2 16 -35

Run ID Number R32374
orvtrs: s ;

WG42433ICE ICE G/25/97 12:07:00 AM

0.04
WGA42433CCE1 cce 5/25/97 12:19:00 AM 0.01 0.008 -0.01
WGA424330082 ceB BI25/97 12:31:00 AM 0.0 0.004 a0
Wi342433CC83 CceB BI25/97 12:43:00 AM  0.01 0.007 001
WG42433CCB4 cee B/Z5/57 12:55:00 AM 0,04 0.006 .01
WGE424330085 cce §/25E7 1:00:00 AM 0,01 0.008 0.01
Mathed  M9012 - Automated Calorimetric Prep \Work Group NiA
Associated Client Sxs  L14051-09, 15 to -16, -20, -24 1o -26, 37 1o -28 Lo R S Wessar

Run ID Number R32404

WG43122ICB 6/25/7 120700 AM  0.01 0.006 ) .01 mgiL
WG43122CCRB1 cee 62507 12 19.00 AM 0,01 0.008 0. 0.01 maiL

REPQCQ01.03.56.02
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ACZ

30400 Dowhill Drive Matrix | Miscellaneous

Steamrboat Springs, CO BD48T . | :
(800) 334-5493 Analysis Group 1 Wet Chemisiry
Fax: (970) 879-2216 QC Report | Spike Verification
ACZ Praject # L4051

QC Report ID QCT339-4

Client Montana Tech of the L. of Montana

Client Project 1D FO#10170

Date Recesived &3eT

Date Reported /837

Cyanide, total

Method  MB8012 - Automated Colonmetric Prep Work Group MNiA
Analytical Work Group WIGA2433
Run iD Numbar R32374

Associaed Client Sxs L14051-01 to -08, -10 to -14, -17 to-19, -21 to -23, -26, -29 to -35

L14051-08A5 A5 WCIT0217-1  &25/97 12:17:00 AM 01 0.0462 : 0.1382 . mg."L 5312 75 . 125

L14051-12A5 AS WCST0217-1 £/25/97 12:35:00 AM a1 0.168 0.2665 mgiL GBS ki 125
L14051-25A8 AS  WCIT0217-1 5/25/97 12:58:00 AM Q.1 0.258 0.358 mail 100 75 125

REPOCCD1.09 96.02
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ACZ

T " 1 0
30400 Downhifl Drive Matrix . Misceffaneous
Steamboat Springs, CO 80487 2 :
(800) 334-5493 Analysis Group Wet Chemistry
Fax: (970) 878-2216 QC Report | Duplicate Verification
ACZ Project # L 14057
QC Repor 1D QC1335-4
Cliem Maomtana Tech of the U of Montana
Client Froject 1D PORIOITO
Date Received 6337
Date Reparted 7BAT

Cyanide, total

Method  MBO12 - Automated Colorimetric Prep Work Group MIA
Associated Client Sxs  L14051-01 to -08, -10ta -14, -17 to -19, -21 to -23, -26, -2 to -35 Analytical Wark Group WG42433
Run ID Number R32374
ControbLimits (%) ;
b AV R Lowers . Upper
L140581-12DUP DuP BR2SIT 12:34:00 AM 24 20
L14051-26DUR puP B/25/87 12:48:00 AM 4 B 4.83 B marl 12.4 o 20
L14061-34DUP our G/25/87 12:57:00 AM 124 126.1 mail ) Q 20
Methca  MS012 - Automated Colorimetric Prep Wark Group WA
Analytical Work Group WiG43122

Assaciated Client Sxs L14051-08, -15 to -16, -20, -24 to -25, -27 to -28
Run ID Number R32404

7 Control Limits (%) 1-Q
i Lowers  Upper:

7= Congentration

L14057-08DUP DUP §/25/97 1:00:00 AM 4451 59

REPQCDOT 09.96.02
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ACZ

30400 Downhill Drive Matrix ; Miscellansous
Steamboat Springs, CO 80487 :

Analysis Group | Wat Chemistry

[800) 334-5493 .
Fax; (970) 879-2216 QC Report : Method Verification-
ACZ Project # L14051 Conirol Samples

QC Report D QC1339-A

Clisne Vontana Tech of tha L. of Mantana

Client Project ID POHI01T0

Date Recawed &397

Date Reported TRAT

Cyanide, total

Methad  M901Z - Automated Colofimetric Prep Wark Group A,

ical Wark G WiE42433
Associated Clisnt Sxs L14051-01 to 08, -10 to -14, -17 to -19, -21 to -23, -26, -20 1o -35 Analytical Wark Group

WG42433LCSW  LCSW  WCD70820-1  6/25/97 1:02:00 AM
WE42433LCSWI LCSW  WCOT0620-1  6/25/87 1:04:00AM 0.2 0z mgll 100 80 120

PO R S——Y

i s

REPQCT01.08.96.02
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ACZ

30400 Downhill Drive Matrix = Miscellansous

Steamboat Springs, CO 80487 . i ]

(800) 334-5433 Analysis Group | Wet Chemistry

L R QC Report | Method Verification-

ACZ Projact # L14051 Blanks

2C Report ID @C1339-4

Client Montana Tech of the U of Montana

Client Project ID FORIGI7O

Date Received /3497

Date Reported 78aT

Cyanide, total

Methoa  MS3012 - Automated Colorimetric Prap Woark Group MAA
Analytical Work Group WGE42433

Associated Client Sxs L14081-01 to -08, -10t0-14, <17 10 -19, -21 tg -23, -26, -29 lo -35

Run |D Number R32274

WGAZ433PBW £/25/97 1.01:00 AM
WGA2433PEW PEWY A/25/97 1-03:00 AM 0.01 0,005 maiL -0.02 0.02

REPQC001.09.56.02
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Appendix D

lon Chromatography Data
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TableD.1 % Remediation of UV-Irradiated M etal-Complexed Cyanide Test Solutions Based
on Nitrite and Nitrate Concentrations Determined by |on Chromatogr aphy

Initial NO;3 NO, |EquivalentC
Sample | Metal Photolytic | CN° Conc. Conc. N™ Conc. %
No. Complex | Reagent | (ppm) | (ppm) (ppm) (Ppm) Remediation
1 | ZnCN)Z | H0, 62.4 |143|138| 25|64 | 615 | 616 | 986 | 98.7
2 Fe(CN)s" |  H.0, 148 | 55| 51|88 76| 281|257 | 19 | 174
3 AU(CN), H.O, 78 | 34| 87| 15|53 228|396 | 292 | 50.8
4 Fe(CN)s* | H.0. 156 | 99 [107| 19| 22 | 52.3 | 57.4 | 335 | 36.8
5 Co(CN)s* | H,0; 156 | 9 |57| 9 |42| 887|477 | 57 | 31
6 Zn(CN)* TiO, 624 [ 231390917147 | 26 24 4.2
7 Fe(CN)s" TiO, 148 | 27| 21|82|51| 16 | 11.7 | 108 7.9
8 AU(CN); TiO, 78 27| 17151134 142 | 91 | 182 | 117
9 Fe(CN)s” TiO, 156 | 75| 51 |33|49| 334|242 | 214 | 155
10 Co(CN)s* TiO, 156 | 34| 27| 11|26| 149 | 128 | 96 8.2

TableD.2 % Remediation of Non-Irradiated M etal-Complexed Cyanide Test Solutions
Based on Nitrite and Nitrate Concentrations Deter mined by 1on Chromatogr aphy

Initial NO;s NO, |EquivalentC
Sample | Metal Photolytic | CN- Conc. Conc. N™ Conc. %
No. Complex | Reagent | (ppm) | (ppm) (ppm) (ppm) Remediation
11 | Zn(CN)® | H.0, 62.4 129 14 62.1 99.5
12 Fe(CN)s* H,0, 148 21 12 15.6 10.6
13 | Au(CN), | H,0, 78 16 17 16.3 20.9
14 | Fe(CN)e® | H.0, 156 54 22 35.1 22.5
15 | Co(CN)s | H,0, 156 1.2 5.6 3.67 2.4
16 | Zn(CN)Z | TiO, 62.4 0.8 0.5 0.62 0.99

77




17 | Fe(CN)s" TiO, 148 0.6 0.5 0.53 0.36
18 | Au(CN); TiO, 78 1.1 0.3 0.63 0.81
19 | Fe(CN)s® TiO, 156 1.2 0.4 0.73 0.47
20 | Co(CN)s*| TiO, 156 1.7 0.5 0.99 0.64
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